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FOREWORD 


This  report  was  prepared  by  The  Boeing  Company,  Vertol  Division, 
Philadelphia,  Pennsylvania  for  the  Air  Force  Flight  Dynamics 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio  under  contract 
F33615-69-C-1570,  Project  No.  698BT,  “US/FRG  V/STOL  ‘xv.chno.logy 
Program".  This  contract  is  for  a  multiphase  effort  of  parametric 
studies,  detail  design,  model  tests  and  analyses.  This  report 
only  covers  Phase  II,  detail  design  of  critical  prop/rotor  compon¬ 
ents.  Phase  I,  configuration  design  analysis,  was  reported  in 
AFFDL-TR-70-44.  The  effort  was  terminated  on  completion  of 
Phase  II. 

The  contract  was  administered  by  the  Air  Force  Flight  Dynamics 
Laboratory  with  Mr.  Daniel  E.  Fraga  (FDV)  as  project  engineer. 

This  report  covers  the  Phase  II  work  conducted  from  15  August  1969 
to  31  July  1970,  Boeing  Document  No.  D215-10001-1. 

The  principal  investigators  for  The  Boeing  Company  were  Mr.  David 
A.  Richardson  and  Mr.  Jaan  Liiva.  Acknowledgement  is  made  of  the 
following  contributors  to  this  report:  Mr.  R.  R.  Pruyrt,  Mr  R.W. 
Sandford,  Mr.  G.  Miliziano,  Mr.  F.  Renola,  Mr.  D.  G.  Prichard, 

Mr.  N.  Miller  and  Mr.  L.  DeLarm  in  Technology  and  Mr.  N.  Weir  and 
Mr.  K.  Smith  in  Design. 

This  technical  report  has  been  reviewed  and  is  approved,. 


ernest  j Across,  jr. 

Lt.  Colonel,  USAF 

Chief,  V/STOL  Technology  Division 
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ABSTRACT 


Detail  design  studies  of  critical  prop/rotor  aircraft  com¬ 
ponents  are  summarized  in  this  interim  report  as  a  second 
phase  of  the  four-phase  USAF  Contract  F33615-69-C-1570.  The 
program  objective  is  to  determine  design  criteria  and  demon¬ 
strate  the  adequacy  of  technology  by  designing  a  full-scale 
prop/rotor  aircraft  and  by  designing,  manufacturing  and  test¬ 
ing  scaled  models.  Thirty  percent  of  the  weight  empty  com¬ 
ponents  of  the  aircraft  consisting  of  the  wing,  nacelle 
support  and  tilt  mechanism,  nacelle  truss,  prop/rotor  hub, 
controls  and  blades  has  been  designed  in  this  phase.  The 
weight  empty  of  the  aircraft  has  decreased  by  one  to  five 
percent  from  the  target  value  established  in  the  Phase  I 
studies.  Weight  increases  in  the  nacelle  and  tilting  mech¬ 
anism  components  were  offset  by  substantial  weight  decreases 
in  the  rotor  and  hub  components.  Supporting  technology 
studies  in  the  areas  of  stability  and  control  and  aeroelas- 
tic  stability  requirements  are  also  included.  Discussed 
are  the  primary  control  system,  rotor  feedback  system  and 
power  management  system  and  aircraft  flutter  and  vibration 
suppression  considerations. 
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SECTION  I 


INTRODUCTION 


The  detailed  designs  of  a  prop/rotor,  hub,  nacelle,  tilting  mechan¬ 
ism,  wing  and  associated  controls  for  a  tilting  prop/rotor  aircraft 
are  documented  in  this  report.  This  report  satisfies  the  require¬ 
ments  of  Phase  II  of  AFSC  Flight  Dynamics  Laboratory  Contract  Number 
F33615-69-C-l.'70,  "Determination  of  Design  Criteria  and  Demonstra¬ 
tion  of  Technology  of  a  Prop/Rotor  Aircraft." 

Phase  I  of  this  contract  (Reference  1-1)  provided  the  preliminary 
design,  performance  and  weight  parameters  of  the  67,000-pound 
transport  aircraft  shown  in  Figure  1-1.  A  preliminary  look  at  the 
dynamic  stability  of  the  aircraft,  flying  qualities  and  structural 
design  criteria  was  also  presented  in  Reference  I-l. 

Phase  II  carries  the  preliminary  design  parameters  into  detailed 
designs  in  order  to  verify  the  weight  predictions  of  Phase  I  quan¬ 
titatively  and  to  determine  problem  areas  which  can  be  resolved  by 
testing  in  Phase  III  or  further  design  optimization  in  Phase  IV. 

The  fuselage,  empennage  and  landing  gear  are  not  designed  since, 
apart  from  testing  the  fuselage  and  empennage  for  vibration  minimi¬ 
zation  and  choosing  the  landing  gear  stiffness  for  ground  resonance 
stability,  these  designs  will  be  conventional  and  the  terhnology 
for  these  tasks  is  available  as  presented  in  Reference  1-2. 


Each  section  in  tnis  report  provides  the  design  objectives,  s  ;ruc 
tural  analysis,  weight  analysis  and  ends  with  conclusions  and  rec 
ommendations  for  further  work. 
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SECTION  II 


SUMMARY 


Detail  design  of  the  critical  components  of  a  prop/rotor  aircraft 
has  been  conducted  to  accomplish  the  following  objectives: 

a.  verify  weight  predictions  obtained  in  preliminary 
design.  Reference  1-1. 

b.  identify  areas  where  additional  design,  analysis  and/or 
testing  is  required. 

The  preliminary  design  estimates  of  the  weight  of  the  critical 
components  to  satisfy  the  aircraft  maneuver  and  mission  require¬ 
ments  with  adequate  stress  margins  are  verified.  This  effort 
shows  the  weight  empty  of  the  baseline  aircraft  to  be  112  pounds 
less  than  the  preliminary  design  value.  Distribution  of  this 
change  in  weight  is  summarized  on  the  following  page. 

The  small  overall  change  in  weight  results  from  an  increase  in  the 
tilt  mechanism  weight  being  offset  by  a  reduction  in  weight  of  the 
rotor  and  hub. 

Further  work  by  testing,  analyses  and  design  are  recommended  in 
the  following  areas: 

a.  The  2.5g  hover  takeoff  structural  design  condition  needs 
re-examination.  The  achievement  of  this  load  factor 
is  believed  to  be  beyond  the  capability  of  rotor  system 
designed  to  the  required  hover  and  cruise  thrust  and  power 
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TABUS  II-l 

SUMMARY  OF  AIRCRAFT  DESIGN  WEIGHTS 


ORIGINAL  COMPONENT  WEIGHT  STUDIES 


WEIGHT 

REF. 

BASELINE 

DESIGN 

REVISED 

DESIGN 

WEIGHT 

Aweight 

WEIGHT 

Aweight 

Rotor 

(5,455) 

(3,870) 

(-1/ 

585) 

(3,870) 

(-1585) 

Hubs 

2,375 

1,440 

- 

935 

1,440 

- 

935 

Blades 

2,880 

2,238 

- 

642 

2,238 

- 

642 

Spinners 

200 

192 

- 

8 

192 

- 

8 

Wing 

(4,945) 

(5,191) 

(  + 

246) 

(5,148) 

(+ 

203) 

Basic  Wing 
Provisions  for 

4,445 

4,837 

+ 

392 

4,837 

+ 

392 

Wing  Tip 

500 

354 

- 

146 

311 

— 

189 

Flight  Controls 

Upper  Rotor 

(5,399) 

(6,626) 

(+1# 

227) 

(6,128) 

(+ 

729) 

Controls 

2,367 

2,442 

+ 

75 

2,442 

+ 

75 

Tilt  Mechanism 

(1,005) 

(2.157) 

(+1* 

152) 

(1,659) 

(+ 

654) 

Nacelle  Support 

450 

989 

+ 

539 

751 

+ 

301 

Mechanism 

Others 

Remaining  Groups 

555 

(2,027) 

30,062 

1,168  + 
NOT  STUDIED 

NOT  STUDIED 

613 

908 

+ 

353 

Weight  Empty 

45,861 

45,749 

- 

112 

45,208 

- 

653 

Weight  of  Compon- 

ents  Studied 

13,772 

13,660 

- 

112 

13,119 

- 

653 

%  of  Weight  Empty 
Verified  by 

Component  Design  30.0 
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criteria 


b.  A  complete  fatigue  loading  spectrum  is  required  for  the 
prop/rotor  aircraft  missions.  It  should  include  gusts/ 
turbulence  and  ground  handling. 

c.  Fail  safety /damage  tolerance  criteria  should  be 
established. 

d.  Full  scale  blade  roct  fatigue  tests  to  determine  the 
endurance  limits  under  combined  loadings. 

e.  Establish  through  model  testing  the  blade  vibratory 
control  moments  when  operating  in  the  maximum  thrust  and 
control  condition. 

f.  Verification  of  the  wing  stiffness  selected  for  minimum 
vibration  by  dynamic  model  testing. 

g.  The  pilot-control  system-airf rame  elastic  couplings 
need  investigation  in  a  moving  base  simulation  of  flight 
in  turbulent  air. 

h.  Determine  stability  and  control  characteristics  in  and 
out  of  ground  effect  by  model  testing. 

i.  Determine  dynamic  stability  derivatives  of  the  rotor 
through  transition  by  dynamic  model  rotor  tests. 
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In  summary  then,  while  the  Model  215  prop/rotor  transport  designed 
in  Phase  I  is  structurally  sound  and  within  the  established  weight 
targets  as  verified  in  Phase  II,  there  are  areas  in  both  technical 
analysis,  test  and  structural  design  that  can  be  improved  by 
additional  work.  The  design  is  based  on  conservative  assumptions  and 
the  weight  empty  can  be  reduced  by  additional  design  and  analysis 
efforts. 
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SECTION  III 


GENERAL  STRUCTURAL  CRITERIA 


1.  INTRODUCTION 

This  section  contains  criteria  for  the  structural  design  of  the 
prop/rotor  aircraft  rotor  blades,  hub,  wing  and  nacelle  structure 
Limit  load  and  fatigue  conditions  are  included.  Specifications 
MIL-A-8860  and  MIL-S-8698  were  used  to  guide  the  selection  of  con 
ditions  and  only  those  which  are  critical  are  considered  for  de¬ 
sign  purposes. 

2.  FLIGHT  MODE  DEFINITION 

a.  Helicopter  flights  lift  is  provided  only  by  the  rotor. 

b.  Transition  flight:  lift  is  provided  by  the  rotor  and 
wing.  This  regime  ends  at  VCQN. 

c.  Airplane  flight:  lift  is  provided  only  by  the  wing.  The 
regime  starts  at  VCqn  an<*  i-s  limited  at  V^. 

d.  VC0N  is  the  airspeed  at  which  nz  =  1.2  can  be  achieved 
with  the  flaps  retracted. 

3.  BASIC  DESIGN  PARAMETERS 

The  basic  design  parameters  for  the  three  flight  modes  are  listed 
in  Table  III-l. 

4.  FACTOR  OF  SAFETY 

The  yield  factor  of  safety  shall  be  1.0.  The  ultimate  factor  of 
safety  shall  be  1.5. 


TABLE  III-l 

BASIC  DESIGN  PARAMETERS  FOR  MODEL  215 


PARAMETER 

HELICOPTER  FLIGHT 

Basic  Design  Gross  Weight 

Minimum  Flying  Gross  Weight 

Landing  Gross  Weight  at  8  Feet  Per 
Second  Sink  Speed 

Most  Aft  C.G.  Position 

Most  Forward  C.G.  Position 

Limit  Load  Factor  at  Basic  Design 
Gross  Weight  (nz) 

Normal  Rotor  Speed,  Power  On 

Rotor  Speed  Limit  Factor 

Nacelle  Axle 

TRANSITION  FLIGHT 

Basic  Design  Gross  Weight 

Maximum  Design  Gross  Weight 

Limit  Load  Factor  at  Basic  Design 
Gross  Weight  (nz) 

Normal  Rotor  Speed,  Power  On 

Rotor  Speed  Limit  Factor 

AIRPLANE  FLIGHT 

Basic  Design  Gross  Weight 

Maximum  Design  Gross  Weight 

Minimum  Flying  Gross  Weight 

Most  Aft  C.G.  Position 
Most  Forward  C.G.  Position 

Limit  Load  Factor  at  Basic  Design  Gross  Weight 
Normal  Rotor  Speed 


DESIGN  VALUE 

67,000  lb. 
47,798  lb. 

68,888  lb. 

F.S.  421.6  in. 
F.S.  398.7  in. 

2.5,  -1.0 
295  RPM 
1.25 

F.S.  410 

67,000  lb. 
74,000  lb. 

3.0,  -1.0 
295  RPM 
1.25 

67,000  lb. 
74,000  lb. 

47,798  lb. 

F.S.  402.5  in. 
F.S.  379.5  in. 
3.0,  -1.0 
207  RPM 
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5.  ROTOR  TORQUE  FACTOR 

The  limit  torque  factor  shall  be  1.5. 

I: 

6.  AIRPLANE  FLIGHT  DESIGN  SPEED 

1  -  a.  Maximum  level  flight  speed  VH  equal  to  360  knots 

j  (transmission  torque  limit)  at  sea  level. 

b.  The  limit  speed  shall  be  450  knots  (1.25  VH)  at 

J  sea  level. 

c.  The  maximum  speed  for  a  66  fps  gust  VG  shall  be  26C 

1  knots  (S.L.)  for  the  basic  design  gross  weight  and 

j  240  knots  (S.L.)  for  the  minimum  flying  gross  weight, 

VG  =  ynVs  where  n  is  the  maximum  gust  load-  factor 
j  determined  at  VH  and  Vg  is  the  stalling  speed  for  level 

flight  at  sea  level  in  the  basic  configuration  with 
|  power  off.  Prop/ rotor  normal  forces  have  been  neglected 

j  in  the  calculation  of  gust  limit  load  factor. 


I 

I 


7.  V-n  DIAGRAM 

Composite  V~n  diagrams  for  the  three  flictfit  modes  at  the  basic  design 
gross  weight  and  the  minimum  flying  gross  weight  are  shown  in  Figures 
III-l  and  III-2.  The  diagrams  for  airplane  flight  (solid  lines)  were 
constructed  as  specified  in  MJ.L-A-8861  for  maneuver  and  gust  load 
factors. 

The  limit  load  factors  for  helicopter  and  transition  flight  (dashed 
lines)  are  shown  as  the  sum  of  the  helicopter  (2.5)  and  the  airplane 
load  factor  at  a  given  speed,  the  maxiraums  being  3.0  and  -1.0. 
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3 .  LIMTT  LOAD  DESIGN  CONDITIONS 

Limit  load  design  conditions  for  helicopter,  transition  and 
airplane  flight  are  contained  in  Tables  III-2,  III-3,  and  III-4, 
respectively.  The  conditions  listed  have  been  selected  for 
investigation. 

9.  HOVER  CONTROL  REQUIREMENTS 

The  required  angular  acceleration  capabilities  of  the  aircraft 

in  the  helicopter  mode  are  as  follows: 

Roll  1.0  rad/sec2 

Yaw  .5  rad/sec2 

« 

Pitch  .6  rad/sec2 

10.  FATIGUE  DESIGN  CONSIDERATIONS 
The  service  usage  for  definition  of  structural  design  requirements 
shall  be  in  accordance  with  the  basic  fatigue  schedule  in  Reference 
1-1 ,  Section  VII,  paragraph  10. 

The  significant  conditions  affecting  the  fatigue  performance  of 
the  wing  are  the  repeated  maneuvers  and  atmospheric  turbulence  at 
low  altitudes  and  the  relatively  large  number  of  ground -air -ground 
cycles.  As  in  conventional  aircraft,  the  material  allowable  stress 
for  preliminary  design  i?  chosen  to  be  compatible  with  fatigue 
design  requirements.  A  complete  wing  fatigue  analysis  must  be 

performed  at  a  later  date  when  the  full  fatigue  loading  spectrum 
for  the  aircraft  is  developed  in  detail,  based  on  the  combinations 
of  missions  and  cargo.  This  analysis  should  not  affect  the  weight 
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of  the  aircraft  to  any  extent  since  some  consideration  of  fatigue 
effect  has  been  included  in  the  non-optimum  weight  factors. 

The  prop/rotor  blade,  hub  and  controls  shall  be  designed  for  the 
various  flight  conditions  defined  in  Reference  1-1,  Section  VII, 
paragraph  13. 

Critical  fatigue  loads  on  the  rotor  blade  are  produced  by  cyclic 
pitch  control.  For  preliminary  design,  the  following  cyclic 
conditions  are  considered  in  the  evaluation  of  the  fatigue  strength 
of  the  rotor  blade. 

a.  The  rotor  system  shall  be  analyzed  to  determine  its 

fatigue  performance  under  the  following  conditions! 

(1)  Alternating  loads  due  to  rotor  cyclic  control,  in 
the  helicopter  mode,  equal  to  the  cyclic  required 
to  trim  the  aircraft  level  plus  25%  of  the  maximum 
cyclic  for  pitch  control  shall  not  exceed  the 
fatigue  endurance  limits  of  rotor  system  components. 

(2)  Alternating  loads  due  to  rotor  cyclic  control,  in 
the  helicopter  mode,  equal  to  the  cyclic  required 
to  trim  the  aircraft  level  pJus  25%  of  the  maximum 
cyclic  for  yaw  control  shall  not  exceed  the  fatigue 
endurance  limits  of  rotor  system  components. 

(3)  Alternating  loads  due  to  "Aq"  equal  to  1,500  psf  - 
degrees  shall  not  exceed  the  fatigue  endurance 
limits  of  rotor  system  components. 
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III-2  LIMIT  DESIGN  CONDITIONS  FOR  HELICOPTER  FLIGHT 
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TABLE  III-4  LIMIT  DESIGN  (CONDITIONS  FOR  AIRPLANE  FLIGHT 


co 

P 

ns 

E 

& 


rH 

rH 

VO 

VO 

c 

E 

CO 

CO 

c 

w 

00 

CO 

s 

E 

I 

1 

< 

< 

• 

•p 

■P 

1 

1 

in 

a 

c 

PI 

PI 

• 

•p 

•P 

H 

H 

cn 

0 

0 

X 

X  • 

a 

& 

rH 

A 

C 

C  * 

a 

E 

E 

•rl 

•H  H 

ns 

13 

ns 

• 

p 

P 

P 

'O 

*0  m 

O' 

O' 

tn 

0)  • 

a)  . 

(0 

(0 

(0 

•ri  eg 

•rl  ro 

p 

•P 

■rl 

<P  • 

MH 

ns 

a 

D 

•ri  eg 

•P  fQ 

a 

O  • 

o  c 

c 

C 

<y  (\. 

tti  «S 

% 

i 

l 

a  • 

a 

rH 

> 

> 

w  m 

CO  H 

VO 

• 

CO 

in  a 

co  rt 

00 

ns  a 

a  • 

1 

ns 

m 

< 

•P  p 

•P 

1 

c  tn 

C  co 

►4 

'O 

gs  ns 

gj  a 

H 

d)  in 

E  P 

£  a 

X 

4)  -p 

in 

tn 

gj  ns 

qs  ns 

a  o 

rH 

P) 

in 

H 

L 

o  a 

0  P 

A 

10  c 

eg 

> 

rH 

V 

V 

ns 

ns  O' 

•rl 

p  2 

rH 

rH  OS 

•iH 

a 

a  P 

13 

< 

(0 

co  ns 

0) 

•rl 

-rl  a 

■P 

Q 

Q 

ip 

•P  *0  -P 

E  ns  O 

O 

o 

o 

o 

•p  o  ns 

• 

• 

4 

• 

pi  pi  a 

m 

n 

H 

rH 

rH 

2 

4J 

S 

u 


o 

P 

■P 

§ 

r } 


O 

& 

co 

3 


«  .G 
in  tn 
O'P 
p  a) 
U  S 


o 

o 

o 

* 

r~ 

vo 


o 

o 

o 

e* 

vo 


o 

o 

o 

% 

r* 

vo 


o 

o 

o 

% 

vo 


00 

(TV 

r* 

% 

r~ 

•<r 


c 

o 

•P 

■P 

•P 

'O 

c 

o 

o 


•p 

s 


3 

& 

O' 

e 

•p 

rH 

rH 

a 


•p 

co 

3 

o 


n] 

•v 


P 

a) 

> 


TJ 

c  • 
o  o 
o  z 


eg 


m 


III-IO 


These  preliminary  design  criteria  have  been  found  to  be 
conservative  against  conditions  including  hover  in  cross-wind, 
gusts  at  250  knots  and  full  pitch  control  in  hover. 

11.  MATERIAL  ALLOWABLES 

Material  strength  properties  will  be  based  upon  the  following: 

a.  Anticipated  design  allowables  for  new  materials 
consistent  with  19"''  technology. 

b.  MIL-HDBK-5,  "Metallic  Materials  and  Elements  for  Plight 
Vehicles".  Column  "B"  allowable  stresses  will  be  used 
where  failure  of  an  individual  element  would  result  in 
the  applied  load  being  safely  distributed  to  other  load 
carrying  members.  In  all  other  applications,  the 
Column  "A"  values  will  be  used. 

c.  MIL-HDBK-17,  "Plastics  for  Flight  Vehicles". 

d.  MIL-HDBK-23,  "Composite  Construction  for  Flight  Vehicles". 

e.  Boeing-Vertol  Structural  Design  Manual  (Reference  111-1) . 

f.  Boeing-Vertol  Report  SRR-7,  "Reinforced  Composite  Material 
Allowables".  This  document  contains  design  strength  and 
mechanical  properties  used  at  Boeing-Vertol  for  boron 

and  S-glass  composites  (Reference  III-2) . 
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SECTION  IV 
WING  DESIGN 


1.  INTRODUCTION 

In  this  section  the  detailed  design  of  the  primary  wing  structure 
and  associated  3ysteir.s  are  described.  Included  are  the  primary  wing 
box,  the  wing  to  fuselage  attachment,  fuel  system  and  cross  shafting. 
The  details  of  the  wing  tip  box  and  the  nacelle  attachment  structure 
are  considered  a  part  of  the  nacelle  structure  and  are  described  in 
Section  V. 

The  wing  torque  box  was  designed  in  detail  because  the  design  loads 
on  a  Prop/Rotor  aircraft  wing  are  unique  and  conventional  aircraft 
weight  trends  are  not  directly  applicable.  The  total  weight  of  the 
wing  and  end  tip  provisions  is  5191  pounds.  This  is  5 %  greater  than 
the  weight  allocated  in  Reference  1-1.  Control  surface  structure, 
hinges,  actuators,  fuel  system  and  rotor  to  rotor  cross  shaft  are 
designed  in  less  detail  because  the  loads  and  requirements  are  con¬ 
ventional. 

From  this  study  the  baseline  wing  design  has  machined  tapered  skin 
and  stringers  (design  B)  and  self-sealing  bag  type  fuel  system 
(design  A) . 
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This  wing  design  provides  an  adequate  stability  margin  from  classical 
flutter,  whirl  flutter  and  divergence,  air/ground  resonance  and 
fuselage  vibration  attenuation  as  discussed  in  Sect:. on  VIII. 

2.  OBJECTIVE 

Design  a  wing  primary  structure  based  on  the  geometry  and  criteria, 
determined  in  Reference  1-1,  in  order  to  verify  the  weight  prediction 
and  satisfy  the  structural  requirements  discussed  be  lew. 

3.  DESIGN  CRITERIA 

The  wing  design  criteria  based  on  the  Phase  I  progrem  are  as  follows: 

a.  The  wing  structural  components  shall  be  designed  and  sized 
to  accommodate  the  ultimate  static  strength  requirements 
of  the  loading  conditions  investigated. 

b.  Multiple  load  path  structure  shall  be  provided  for  the 
primary  wing  loads. 

c.  Access  to  the  wing  shall  be  provided  by  nonstructural  doors. 

d.  Reinforcements  around  the  nonstructural  door  opening  shall 
be  designed  to  maintain  torsional  continuity. 

e.  All  aircraft  fuel  shall  be  carried  in  the  wing. 

f.  The  cross  shaft  shall  be  retained  in  such  a  manner  that 
a  shaft  failure  will  not  cause  a  secondary  failure. 

g.  Wing-nacelle  support  structure  shall  be  designed  to  a 
nonbuckling  criteria  at  100%  of  design  limit  loads. 
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The  limit  load  conditions  selected  for  the  design  of  the  wing  are 
listed  in  Table  IV-1.  These  loading  conditions  are  taken  from 
the  General  Design  Criteria  presented  in  Section  III.  The  conditions 
selected  represent  three  helicopter  flight  mode  conditions  that 
are  critical  for  the  wing.  Conditions  investigated  for  the  design 
of  the  wing -nacelle  support  structure  are  shown  in  Section  V. 


TABLE  17-1 


SUMMARY  OF  LIMIT  DESIGN  CONDITIONS 


HELICOPTER  FLIGHT  MODE 


CONDITION 

NUMBER 

DESCRIPTION 

G.W. 

(LBS) 

AIR 

SPEED 

(KTS) 

LIMIT 

LOAD 

FACTOR 

VEL. 

(RAD/ 

SEC) 

ACCEL. 

(RAD/ 

SEC2) 

© 

Vertical  Takeoff 

67,000 

0 

2.5 

0 

0 

© 

Maximum  Cyclic 

67,000 

0 

1.0 

0 

0 

© 

Rolling 

67,000 

0 

2.0 

1.5 

1.0 
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4 .  WING  GEOMETRY 


wing  geometry  defined 

in  Reference 

1-1  is  summarized 

Span 

65  ft  -  9 

in. 

Chord 

12  ft  -  9 

in. 

Area 

838  ft2 

Aspect  Ratio 

5.16 

Taper  Ratio 

1.0 

T/C  Ratio 

0.21 

Flap 

30% 

L.E,  Umbrella 

15% 

Front  Spar 

15% 

Center  Spar 

40% 

Rear  Spar 

63% 

Nacelle  Pivot 

38% 

Wing  Section 

NACA  644-221  (Modified) 

Fuel  Volume 

231  ft3 

Normal  Fuex  Capacity 

10,224  lb 

Max  Fuel  Capacity 

18,324  lb 
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5.  DESCRIPTION  CP  PRIMARY  STRUCTURE 


The  wing  has  a  rectangular  plan  form  (Figure  IV-1)  «nd  has  a  NACA 
64-221  (Mod.)  airfoil  section  (Figure  IV-2).  The  ccnstruction  is 
all  metal  conventional  skin  and  stringer  type.  This  method  of 
construction  was  used  to  utilize  the  failsafe  characteristics  pro¬ 
vided  by  the  multi  load  paths  of  this  type  of  structure.  A  secondary 
consideration  is  that  production  costs  are  generally  lower  for  this 
type  of  manufacture. 

The  primary  structure  is  a  two  cell  torque  box  consisting  of  a  front 
spar,  center  spar,  rear  spar,  and  top  and  bottom  co\ers  machined 
to  a  taper  and  stiffened  with  machined  tapered  strirgers.  The 
stringers  are  clipped  to  ribs,  spaced  at  19.0  in.  irtervals. 

Ribs  are  basically  of  two  types,  open  and  closed.  The  open  ribs 
are  of  the  channel  and  shear  skirt  construction  and  are  used  in 
fuel  bay  areas.  The  closed  type  ribs  are  of  similai  construction 
to  the  open  and  have  a  shear  resistant  panel  to  close  the  rib. 

The  closed  ribs  are  used  as  fuel  bay  closers  and  at  the  flaperon 
hinge  positions  (Figure  TV-3) .  The  wing  structure  :s  continuous 
over  the  fuselage  (Figure  IV-4)  and  is  attached  to  the  fuselage 
by  means  of  a  shear  tied  forged  rib  which  also  acta  as  a  wing 
splice  joint  (Figure  IV-5) .  This  type  of  construct:  on  was  used 
to  facilitate  field  repair  splices  and  spares  transportation. 
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The  area  between  center  and  rear  spars  is  used  for  fuel.  The  fuel 
area  extends  spanwise  from  inboard  splice  rib  to  the  first  rib 
after  the  tip  close-out-rib.  No  fuel  is  carried  in  the  wing  area 
over  the  fuselage  and  in  the  immediate  tip  area.  Each  fuel  tank 
bay  is  provided  with  a  non-structural  access  door  (Figure  IV-5)  to 
allow  for  servicing  of  tanks  and  system. 

Control  surfaces  are  attached  to  primary  structure  by  means  of  multi 
load  path  hinges  which  will  prevent  loss  of  any  surface  due  to 
a  single  failure.  The  control  surface  actuators  and  the  control 
system  (Figure  IV-6)  are  fully  redundant  and  do  not  encroach  upon 
primary  structure  area. 


5 • 1  WING  TO  NACELLE  ATTACHMENT  STRUCTURE 

The  wing  to  nacelle  attachment  beam  is  considered  part  of  the  nacelle 
structure  and  is  described  in  Section  V.  The  local  re-inforcement 
required  at  the  wing  tip  inboard  of  Station  360.5  however,  is  con¬ 
sidered  part  of  the  wing  and  is  shown  in  Figure  IV-7. 

5.2  WING  ASSOCIATED  SYSTEMS 

In  this  section  the  fuel  system  and  nacelle  to  nacelle  interconnect 
shafting  are  described. 

Two  conceptual  designs  of  the  fuel  system  have  been  included,  a  con¬ 
ventional  self-sealing  bag  type  and  an  improved  system  to  enhance 
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NOT  REPRODUCIBLE 


survivability.  No  choice  between  the  systems  has  been  made 
because  the  wing  basic  structure  is  not  affected  by  the  difference 
between  the  systems,  and  further  studies  in  survivability  must  be 
made  in  order  to  make  th.  selection. 

5.2.1  Fuel  System  (A) 

Fuel  system  A,  the  baseline  system  has  conventional  self-sealing 
bag  type  fuel  cells  located  in  the  wing  between  the  mid  and  aft 
spar.  The  use  of  bags  will  reduce  the  leakage  problems  associated 
with  wet  wings  coupled  with  skin  and  stringer  construction. 

5.2.2  Fuel  System  (B) 

This  system  is  designed  to  increase  the  survivability 
of  the  aircraft  by  providing  means  to  eliminate  fires  and  explosions 
of  the  fuel  by  enemy  ground  fire.  This  can  be  achieved  by, 
a)  correct  fuel  placement 
b}  improved  methods  of  fuel  containment 
c)  an  effective  vapor  space  ignition  suppressor 
These  objectives  can  be  attained  by  using  simple,  low  cost,  reliable 
systems  incorporating  equipment  familiar  to  USAF  ground  and  flight 
crews  as  described  below. 
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All  the  fuel  is  placed  in  the  wing  to  take  advantage  of  the  avail¬ 
able  aircraft  structure  for  shielding  and  to  keep  tie  fuel  isolated 
from  major  ignition  sources  such  as  engines. 

Fuel  containment  will  be  improved  by  designing  an  integral  "wet 
skin"  tank  (Figure  IV-8)  inside  of  which  is  contained  a  "go  home" 

$elf  sealing  cell  submerged  within  the  wetted  area  <>f  the  integral 
tank.  This  method  of  fuel  containment  completely  e'.  iminates  the 
potentially  explosive  air  filled  areas  which  are  noimally  present 
pn  the  tank  periphery  of  conventional  bag  type  containers,  incendiary 
projectiles  penetrating  the  tank  surface,  which  in  Ihis  case  is  the 
airplane  wing  skin,  immediately  enter  the  liquid  anc  are  quenched, 
fuel  will  then  leak  directly  to  the  aircraft  exteric  r  and  cannot 
collect  in  pockets  in  the  aircraft  structure. 

An  effective  vapor  space  ignition  suppressor  will  be  achieved  by 
completely  filling  the  interior  of  all  tankage  with  voided,  reticu¬ 
lated  foam  to  suppress  fires  and  explosions  occurring  in  the  vapor 
space  above  the  fuel  level.  Reticulated  foam  is  preferred  to  a 
nitrogen  gas  inerting  system  because  the  nitrogen  sj  stem  introduces 
an  additional  active  subsystem  containing  moving  paits  which  are 
themselves  vulnerable  to  gunfire.  System  effectiver ess  is  also 
dependent  on  a  logistical  supply  of  liquid  nitrogen. 
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5.2.3  Cross  Shafting 

The  cross  shaft  evaluation  was  based  on  Reference  IV-1.  This  report 
also  gave  the  information  required  to  define  the  space  envelope  to 
captain  the  system. 

The  super-critical  cross  shaft  traverses  the  entire  wing  at  33%  wing 
chord  on  the  center  of  chord  thickness.  The  design  conditions  are 
as  shown  in  Table  IV-2. 


TABLE  IV-2 .  CROSS  SHAFT  DESIGN  CONDI  HONS 


FLIGHT  ® 
CONDITION 

Nn  ENG. 

AVAILABLE 

CROSS  SHAFT 
TRANSFER  HP 
(LIMIT) 

S3AFT 

ULT. 

LOAD 

FACTOR 

FIGURE 

400  kt 

Dash 

4 

759 

8120 

7  c  34 

IV-9a 

35P  let 

Cruise 

3 

2466 

8120 

CM 

. 

CM 

IV -9b 

290  kt 

Cruise 

2 

4173 

8120 

1.46 

IV-9c 

®  10,000  Ft  Std  Day 

(2)  Design  Condition 


The  shaft  design  condition  is  the  ultimate  load  c  >nditicn  for  a 
single  engine  out,  (Figure  IV-9b)  with  a  10%  (powsr  available)  power 
split  to  the  engine  out  side.  This  would  give  a  dynamic  life  in 
excess  of  3,600  hours  under  normal  operating  cond  .tions,  with  the 
ability  to  withstand  the  loss  of  two  engines  in  a  single  nacelle 
(Figure  iv-9c)  and  still  complete  the  mission. 
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The  shaft  is  of  aluminum  and  is  fitted  with  viscous  shear  dampers 
for  stability.  Toroidal  shatter  guards  enclose  the  shaft  at 

•paced  intervals  such  that  any  shaft  break  will  not  cause  a  secondary 
failure. 

the  cross  shaft  is  installed  and  serviced  through  non-structural 
doors  on  the  lower  wing  surface. 

6.  STRUCTURAL  ANALYSIS 

*n  tl^is  section  the  design  loads,  stress  analysis  and  stiffness  and 
deflection  characteristics  of  the  primary  wing  structure  and  wing 

to  nacelle  support  structure  are  described.  Material  selection 
is  also  discussed. 

As  in  conventional  aircraft  practice,  the  material  allowable  stress 
is  chosen  to  be  compatible  with  fatigue  design  requirements,  a  com¬ 
plete  wing  fatigue  analysis  must  be  performed  at  a  later  date  when 
the  full,  fatigue  loading  spectrum  for  the  aircraft  is  developed 
based  on  the  combination  of  missions  and  cargo.  This  analysis 
should  not  affect  the  weight  of  the  aircraft  to  any  extent  since 
some  consideration  of  fatigue  effect  has  been  included  in  the  non¬ 
optimum  weight  factors. 
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6.1  DESIGN  LOADS 


The  bending  moments,  shears  and  torsion j  imposed  on  the  wing  by 
the  loading  conditions  1  and  2  of  Table  IV-1  are  shown  in 
Figures  IV-10  and  IV-11.  Condition  3  is  critical  for  the  maximum 
shear  in  the  wing  box  section  between  the  fuselage  and  wing  and  is  equal 
to  170,000  pounds  (ultimate).  Condition  1  is  the  maximum  verticax 
bending  and  vertical  shear  condition.  Condition  2  produces  the 
maximum  torsion  on  the  wing.  The  curves  represent  the  net  results 
of  inertia  loads  combined  with  rotor  hub  loads.  The  reference  axis 
for  wing  torsion  is  at  40  percent  of  the  chor  J  at  any  wing  station 
and  is  assumed  as  the  elastic  axis  of  the  wing  box. 

For  any  helicopter  mode  flight  condition,  all  of  the  lift  is  pro¬ 
vided  by  the  rotor  and  is  applied  to  the  wing  at  the  centerline  of 
the  rotor.  Symmetric  maneuvers  are  performed  by  applying  cyclic 
pitch  control.  Wing  and  fuel  masses  are  applied  as  concentrated 
load  at  several  points  throughout  the  wing.  Nacelle  mass  is  applied 
as  a  concentrated  mass  at  its  respective  center  of  gravity. 

6.2  STRESS  ANALYSIS 
6.2.1  Load  Paths 

Basic  wing  box  skin-stringers,  spar  caps  and  webs  sizes  are  calcu¬ 
lated  at  four  wing  stations  (stations  360.5,  250,  150  and  50).  Wing 
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torsion  is  reacted  by  the  wing  box,  vertical  shear  by  the  spar  webs 
and  bending  by  the  stringers  and  spar  caps.  For  this  study,  the 
wing  box  is  assumed  as  a  single  cell  and  the  area  requirements 
due  to  bending  equally  divided  into  stringers  and  spar  caps. 

The  bending  material  requirements  are  based  on  a  heavy- flanged 
beam  theory  (M/h) .  The  effective  depth  of  the  beam  is  the  area 
of  the  airfoil  between  front  and  rear  spars  divided  by  the  distance 
between  these  two  spars  and  further  reduced  by  the  centroids  of 
the  reacting  flanges.  30  times  the  skin  thickness  is  considered 
effective  as  additional  area  for  each  stringer  in  compression. 

The  tension  surface  minus  rivet  hole  areas  is  considered  to  be 
fully  effective.  Stringer  compression  allowables  are  based  on 
column  strength.  Spar  web  thickness  is  based  on  all  the  vertical 
shear  reacted  by  the  spars  in  addition  to  shear  flow  produced  by 
torsion.  Relieving  shear  flows  were  neglected  and  the  maximum 
due  to  vertical  or  torsional  shear  is  used  for  design. 

At  station  360.5,  area  in  which  the  wing  changes  from  a  full  section 
to  a  smaller  box  section,  the  intermediate  spar  is  designed  to 
react  most  of  the  vertical  load. 
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6.2.2  Material  Selection 


Material  selection  for  the  basic  wing  box  primary  load  structure 
is  2024-T3  lower  skin,  2024-T3511  extruded  stringers  and  caps, 
7075-T6  upper  skins,  7075-T6511  extruded  stringers  and  caps  and 
7075-T73  forgings. 

The  2024  alloy  was  chosen  because  of  its  superior  fatigue  properties 
and  low  crack  propagation.  The  7075  alloy  was  chosen  for  its  high 
compressive  yield  strength  and  the  -T73  temper  in  forgings  is 
exceptionally  resistant  to  stress  corrosion. 

6.2.3  Wing  Structure  Summary 

Table  IV-3  presents  the  summary  of  the  basic  wing  box  skin  gauges, 
stringer  sizes  and  material.  Table  IV-4  presents  the  summary  of 
the  spar  web  gauges  and  material. 


6.3  WING  STIFFNESS  AND  DEFLECTIONS 

The  representative  stiffness,  El  and  GJ,  are  shown  in  Figure  IV-12 
and  are  based  on  wing  ultimate  strength  requirements.  Spanwise 
and  chordwise  El  values  from  wing  station  330  to  360.5  are  modi¬ 
fied  to  adjust  for  shear  lag  due  to  the  abrupt  change  in  the  wing 
box  section  at  station  360.5.  The  torsional  stiffness  (GJ  curve) 
is  calculated  as  a  single  cell  except  that  it  is  modified  to  include 
the  effects  of  the  intermediate  spar  length  and  thickness. 
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TABLE  IV -3 


SUMMARY  OF  SKIN-STRINGER  REQUIREMENTS 


STATION 


360,5 

284.0 


SKIN  THICKNESS 


UPPER  LOWER 


,063 

\ 

063 


.073 


STRINGER  SIZE 


UPPER 


3/4  x  1  x  .3 
090,  1.25,  .090 

3/4  x  1  x  .3 
,090,  .125,  .090 


LOWER 


3/4  x  1  x  .3 
,080,  1.25,  .080 


TYP 

MBP 


ZE 

J 


250.0 

150.0 

50.0 

0 


NOTES :  1 


098 

l 

141 

T 

166 


.073 

i 

.122 

.lie 

I 

.166 


3/4  x  1  x  .3 
.080,  .125,  .080 


l 


7/8  x 

1.07 

x  .3 

7/8  x 

1.07 

x  .3 

160, 

.125, 

.090 

.160,  , 

.125, 

.090 

7/8  x 

1.07 

x  .3 

7/3  x 

1.07 

x  .3 

160, 

.125, 

.090 

.160,  , 

.125, 

.090 

ZEE  stringer  dimensions:  first  line,  first  number 
is  skin  flange,  second  number  is  vertical  flange, 
third  number  is  inside  flange;  second  line,  respec 
tive  flange  thickness 


2.  Material:  upper  surface  skin-stringer,  7075-T6/ 
T6511;  lower  surface  skin-stringer,  2024-T3/T3511 

£  indicates  constant 

|  indicates  linear  variation 
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I 


SPAR 

STATION 

WEB 

THICKNESS 

STIFFENER 

SIZE  &  THICKNESS 

STIFFENER 

SPACING 

Front 

0-50 

.080 

1  x  1  x  7/8  x  .080 

6.0 

50-360.5 

.063 

3/4  x  1  x  5/8  x  .063 

6.0 

Intermediate 

0-320.5 

.080 

1  x  1  x  7/8  x  .090 

5.5 

320.5- 

360.5 

•  090 

1  x  1  x  7/8  x  .090 

in 

• 

in 

Rear 

0-360.5 

.080 

i 

1  x  1  x  7/8  x  .080 

5.5 

Material  -  7075-T6/T6511 
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Figure  IV-13  contains  plots  of  torsion  due  to  a  unit  load  (1.0  inch- 
pound)  and  wing  deflection  due  to  l.Og  lift  applied  at  station  394.5 
which  is  the  centerline  of  the  nacelle.  Also  included  is  the  deflec¬ 
tion  due  to  weight  of  the  wing-nacelle  combination  for  the  design 
gross  weight  of  67,000  pounds.  These  data  are  used  in  Section  VIII 
to  calculate  dynamic  stability  and  vibration  of  the  aircraft. 

7.  WEIGHT  ANALYSIS 

A  summary  of  wing  weights  is  provided  in  Table  IV-5.  The  weight  of  th 
wing  as  quoted  in  Reference  1-1  was  derived  by  VASCOMP,  a  computer¬ 
ized  airplane  sizing  and  weight  determination  program.  The  detailed 
design  as  described  in  Part  4  of  this  section  and  the  Structural 
Analysis  in  Part  5  provide  the  necessary  data  for  the  weight  eval¬ 
uation  of  the  torque  box,  constructed  of  conventional,  built-up 
skins,  stringers,  etc.  This  wing  design  is  called  wing  A  and  would 
be  the  simplest  to  manufacture.  Since  the  weight  of  wing  A  is  12% 
above  the  VASCOMP  target  weight,  a  new  design,  B  the  present  baseline 
design,  was  derived  based  on  built-up  structure  with  machined  skin, 
stringers  and  spar  caps.  The  weight  of  the  secondary  structure  was 
determined  by  using  empirical  relations  which  are  described  later. 

Further  reductions  in  weight  can  be  achieved  for  1972  technology 
by  using  composite  substitution  such  as  boron-epoxy  as  described 


my  *  *  ■»  > : 

.  ml-  r. » ,-»*r 


in  Reference  1-1.  Existing  component  studies  indicate  that  this 
substitution  technique  can  be  employed  by  the  1972  time  frame. 

The  structural  design  and  manufacturing  remain  essentially  con¬ 
ventional  but  boron-epoxy  replaces  aluminum.  A  conservative 
estimate  of  12.5%  group  weight  reduction  can  be  achieved  by  using 
boron-epoxy  substitution.  Wing  design  C  with  1972  technology  is 
thus  shown  to  be  5%  heavier  than  the  target  weight  in  Table  IV'- 5. 

A  Boeing-Vertol  value  engineering  study  made  of  another  VTOL  air¬ 
craft  wing  box  showed  a  14.6%  weight  savings  achieved  by  the  use 
of  a  combination  of  titanium  and  boron  and  also  for  a  combination 
of  titanium  and  carbon.  This  was  a  weight  saving  over  the  weight 
of  an  all  aluminum  alloy  riveted  structure  with  extruded  stringers 
and  constant  thickness  sheets. 

The  carbon  titanium  structure  achieved  the  weight  reduction  at  a 
lower  cost  than  for  the  boron  titanium  structure.  Material  costs 
used  were  $6/lb  for  aluminum  (no  machining) ,  100  $/lb  for  boron, 

100  $/lb  for  titanium  and  40  $/lb  for  carbon  (estimated  1970  prices). 
The  cost  of  a  pound  of  fabricated  carbon  and  titanium  structure  was 
$100  and  the  cost  of  a  pound  saved  using  carbon  and  titanium  was 
$266.  The  cost  of  a  pound  of  fabricated  boron  and  titanium  struc¬ 
ture  was  $149  and  the  cost  per  pound  saved  was  $549. 

Integrally  machined  skin  and  stringers  structures  cost  approximately 
$93/lb.  Machined  stringers  riveted  to  non-constant  thickness  skins 
cost  $56/lb. 
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These  data  show  the  potential  of  lower  cost  weight  reduction  as 
composites  such  as  carbon  used  with  titanium  are  adapted  in 
production. 

A  review  of  the  design  conditions  that  dictate  the  weight  of 
the  wing  has  revealed  that  condition  1  in  Table  IV-1,  the 
vertical  takeoff  at  2.5g  is  by  far  the  most  critical  from  a 
design  point  of  view.  This  requirement  is  not  compatible  with 
present  helicopter  practice  and  needs  further  definition 
through  testing  in  Phase  III.  It  is  expected  that  when  the 
vertical  takeoff  requirement  has  been  better  defined,  the 
resulting  wing  weight  will  be  less  than  or  equal  to  the  target 
weight. 

■7.1  BASIC  WING  WEIGHT 

The  basic  wing  weight  consists  of  the  torque  box  and  the 
secondary  structure  weight.  The  basic  wing  weights  are 
summarized  in  Table  IV-6.  Basic  torque  box  weight  consists 
of  upper  and  lower  covers;  front,  center  and  rear  spars;  ribs 
and  miscellaneous  items  such  as  sealants,  small  fittings  and 
paint.  Provisions  for  self-sealing  fuel  tanks  are  also 
included  in  torque  box  weight.  Non-optimum  factors  which 
account  for  additional  material  required  for  inter- 
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TABLE  JV-6 


BASIC  WING  WEIGHT 


ORIGINAL 

ESTIMATED 

WEIGHT 

(TARGET) 

CALCULATED  WEIGHT 

DESIGN  A 
BUILT-UP 
SKIN 

STRINGERS 

DESIGN  B 
MACHINED 
SKIN  AND 
STRINGERS 

Torque  Box  Non -Opt  inrun 

4299 

4027 

Factor 

Upper  Cover  1.30 

1114 

982 

Lower  Cover  1.24 

1010 

870 

Front  Spar  2.20 

356 

356 

Center  Spar  2.20 

544 

544 

Rear  Spar  2.20 

415 

415 

(i)  Ribs 

688 

531 

(5)  Miscellaneous 

172 

170 

Leading  Edge  (Movable) 

367 

367 

Inboard 

178 

178 

Outboard 

189 

189 

Trailing  Edge 

240 

240 

Fixed 

150 

150 

Movable 

185 

185 

Flaps 

292 

292 

Flaperons 

507 

507 

Basic  Wing  Weight 

5077 

5800 

5528 

(1970  Technology) 

1972  Technology  Reduction 

-632 

-691 

(12.5%) 

Basic  Wing  Weight  (1972 

4445 

4837  3 

Technology) 

OD  20?6  of  cover  and  spar  weight 
(2)  5%  of  cover  and  spar  weight 
3  Design  C 
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acting  loads,  splices,  standard  gauges,  access  dooi?.  etc.  were 
applied  to  obtain  the  final  weight.  Rib  weight  was  determined  as 
20%  and  miscellaneous  items  as  5%  of  the  cover  and  spar  weights. 

■The  calculated  weight  for  the  torque  box,  modified  by  the  non¬ 
optimum  factor  are  summarized  for  design  A,  the  built-up  skin  and 
stringer  and  design  B,  the  built-up  machined  skin  and  machined  stringer 
in  Table  IV-6.  Design  B  torque  box  is  272  pounds  or  6.3%  lighter. 


The  secondary  structure  consists  of  leading  edges,  trailing  edges, 
flaps  and  flaperons.  The  weights  of  these  components  are  based  on 
empirical  equations  and  are  derived  below. 


Leading  Edge;  The  leading  edge  of  this  wing  is  hinged  at  the  nose 
and  opens  forward  during  hover  to  decrease  the  download  area  of 
the  wing. 


Leading  Edge  WLE  ~  SLE  (0.003) 


N  Wg  Cos2  A  box 


b  (t/c) 


0.693 


WLE  =  of  leading  edge 

SLE  =  projected  area 

S  (inboard)  =45.2  ft2 
LE 

SLE  (outboard) =  48.0  ft2 
n  =  ultimate  load  factor  =4.5 

Wg  =  design  gross  weight  =  67,000  lbs 

B0X  =  sweep  angle  of  box  =  0 

=  wing  span  =  65.8' 

=  thickness  ratio  =  .21 
IV-43 


b 

t/c 


Leading  Edge  Supports 

«SLE  ’  °'091  ("t/'25 
Therefore: 

weight  of  inboard  leading  edge 

weight  of  inboard  leading  edge 
supports 

total  inboard  leading  edge 

weight  of  outboard  leading  edge  =  144 

weight  of  outboard  leading  edge 
supports  *  45 

total  outboard  leading  edge  =  189  lbs. 

Trailing  Edge:  The  trailing  edge  consists  of  a  fixed  section  and  a  mov¬ 
able  section  which  folds  during  hover  to  reduce  the  download  area.  For 
purposes  of  weight  estimating,  the  movable  section  is  treated  as  a 
spoiler. 

Trailing  Edge  -  Fixed 
Wig  —  Ste  (0.000349) 

®TE  = 

Therefore : 

weight  of  trailing  edge  *  150  lbs. 


..  w  2  .  0.89 

N  Wg  Cqb  A  BOX 

b  (t/c) 


=  132 

=  _42 

=  178  lbs. 
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T 


Trailing  Edge  -  Movable 

WMTE  =  0.558  <VD>0-25  Sfrra, 
S^mp  =  (inboard)  =  17.8  ft2 


=  (outboard)  -  18.8  ft* 


Therefore: 


weight  of  inboard  movable  trailing  - 
inboard  «  90 


outboard  =  95 


185  lbs. 


Flaps :  The  flaps  are  the  single  slotted  type  and  are  on  the  in¬ 
board  wing  only. 


Flaps 


WF  =  SF  (0.253)  (VD) 
SF  «  90.8  ft2 


0.375 


Flap  Supports 


WSF  =  0.0885  (WJ 


1.25 


Therefore: 


flaps  weight 


supports  weight 


total 


292  lbs. 
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Flaperons ; 

The  flaperons  are  considered  basically  as  a  flap,  counter  balanced 
similar  to  an  aileron. 

Flaperon 

WF  =  Sp  (0.253)  (Vjj)1*25  +  WBW 

Sp  «  95.8  ft2 

Supports 

Wsp  -  0.0885  (Wp)1*25 

Therefore: 


flaps  weight 

=  230 

balance  weights 

«  196 

total 

-  426 

flaperon  support 

weight 

=  JJ1 

total  flaperons 

=  507 

Table  IV-6  is  a  summary  of  the  basic  wing  weights  as  discussed  in 
the  previous  paragraphs.  It  shows  the  target  weight  and  calcu¬ 
lated  weight  for  both  the  built-up  akin  and  stringer  and  the 
machined  skin  and  stringer  designs.  Design  C  shows  the  anticipated 
reduction  for  1972  technology. 
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7.2  WING  TIP  AND  NACELLE  SUPPORT 


The  wing  tip  and  nacelle  support  outboard  of  wing  station  360.5 
is  covered  in  the  nacelle  and  tilting  mechanism.  Section  V. 

7.3  PROVISIONS  FOR  WING  TIP  ATTACHMENT 

The  weight  for  the  provisions  for  wing  tip  attachment  summarized 
in  Table  IV-7  is  that  which  is  required  for  the  transfer  of  the 
rotor  load  between  the  wing  tip  and  the  basic  wing.  This  struc¬ 
ture  extends  inboard  into  the  wing  for  approximately  two  feet. 

The  basic  design  is  such  that  the  lower  cover  of  the  wing  tip 
and  that  of  wing  do  not  coincide?  therefore,  the  diagonal  shelf 
must  be  provided  to  transfer  the  loads  into  the  lower  cover. 

The  forward  spar  of  the  wing  tip  also  does  not  coincide  with 
the  wing  center  spar,  and  an  additional  diagonal  spar  must  be 
provided  to  transfer  the  loads.  An  effort  to  redesign  the  wing 
tip  so  that  the  lower  skins  coincide  showed  a  decrease  of 
approximately  forty  pounds  in  the  wing  tip  attachment  provision 
weight. 

1972  technology  would  use  boron-epoxy  substitution  for  aluminum 
where  possible  for  a  total  saving  of  29.2%, 
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8,  SURVIVABILITY 


A  survivability  analysis  was  not  part  of  the  basic  contract  but 
the  following  aspects  of  design  and  material  choice  contribute 
to  survivability: 

a.  plate  and  stringer  type  construction  gives  multipath 
load  carrying  capability. 

b.  ih<  thi.ee  spar,  two  cell  torque  box  provides  freedom  from 
divei  'fence  and  whirl  flutter  with  one  of  the  spars  cut 

as  discussed  in  Section  VIII. 

c.  the  7075-T6  material  is  not  as  good  as  the  2024  from  a 
fatigue  and  notch  sensitivity  viewpoint,  but  the  plate 
and  stringer  construction  used  for  the  Model  215  wing 
will  allow  its  use.  The  weight  penalty  of  using  2024  for 
the  upper  cover  needs  to  be  investigated. 

d.  fuel  system  B  reduces  the  vulnerability  of  an  r.ircraft 
loss  due  to  a  fuel  tank  hit. 

e.  the  cross-shaft  gives  protection  from  the  loss  of  engine/ 
engines  on  one  side  of  the  aircraft. 

9.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  basic  design  proposed  for  the  Model  215  wing  is  structurally 
sound  but  is  246  pounds  (596)  over  the  target  weight.  The 
following  design  aspects  and  criteria  need  to  be  investigated  to 


determine  if  the  weight  cam  be  reduced. 

a.  The  design  condition  of  2.5g  vertical  takeoff  in  hover 
is  beyond  the  thrust  capability  of  a  rotor  designed  for 
the  normal  hover  condition..  The  thrusting  capability 
of  a  rotor  in  hover  must  be  determined  to  change  the 
criterion. 

b.  The  wing  tip  nacelle  attachment  box  accommodations  need 
to  be  re-examined  to  determine  if  more  efficient  load 
paths  can  be  established  for  less  weight. 

c.  The  use  of  composites  with  high  modulus  and  high 
strength  must  be  evaluated  for  the  wing  design,  since 
a  major  saving  in  weight  can  be  predicted  from  similar 
studies  referenced  in  Reference  1-1,  weights  section. 

d.  The  fatigue  spectrum  for  the  wing  must  be  established 
and  the  details  of  fatigue  design  worked. 
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SECTION  V 


ROTOR  MACET.TJ!  AND  TILTING  MECHANISM  DESIGN 
1-  INTRODUCTION 

In  this  section  the  design  of  the  wing  tip  nacelle  support,  tilting 
mechanism  and  nacelle  primary  structure  are  described.  No  attempt 
has  been  made  to  further  define  the  other  systems  in  the  nacelle 

such  as  the  oil  cooler  and  engines  since  their  impact  on  weight 

% 

are  small.  These  systems  have  been  allocated  space  as  shown  in 
Figure  1-1  and  Figures  V-l  and  V-2. 

The  target  weight  from  Reference  1-1  for  the  wing  tip  nacelle  support 
and  the  tilting  mechanism  is  1005  pounds  per  aircraft.  The  designs 
in  this  study  vary  from  1659  to  2157  Which  is  165  to  21496  of  the 
target  weight.  A  thorough  review  of  the  criteria  as  well  as  the 
design  are  required  in  this  area. 

The  stresses  in  the  nacelle  primary  structure  show  that  most  of  the 
members  are  lightly  loaded.  This  truss  needs  considerably  more 
design  effort.  Criteria  defining  the  failure  modes  of  the  nacelle 
are  required. 

As  shown  in  Section  VIII  the  dynamics  of  the  Tilt  Rotor  aircraft 
are  significantly  affected  by  the  combined  wing-nacelle  stiffnesses. 
In  the  present  study  it  has  been  estimated  that  the  nacelle  torsional 
stiffness  is  73x10^  ft  lb/rad.  The  stiffnesses  in  the  vertical 
and  chord  bending  modes  have  been  assumed  to  be  large  in  comparison 
to  the  wing  stiffnesses. 
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PLAN  VIEW 


Design  a  nacelle  primary  structure  and  nacelle  tilting  mechanism 
based  on  the  geometry  and  criteria  determined  in  Reference  1-1,  in 
order  to  verify  the  weight  prediction  and  satisfy  the  structural 
requirements  discussed  below. 


3.  DESIGN  CRITERIA 

The  limit  load  conditions  selected  for  the  design  of  the  actuator, 
bearings  and  nacelle  structure  are  listed  in  Table  V-l  and  are 
basically  the  same  as  those  shown  in  Section  III,  General  Design 
Criteria.  Ro:or  torque  for  the  respective  conditions  is  based  on 
a  55%  distribution  of  15,300  horsepower;  the  aircraft  is  horse¬ 
power  limited  to  this  value.  Hiis  applies  to  all  conditions 
except  condition  (D where  the  required  horsepower  is  used. 

a.  Limit  horsepower  is  defined  as  55%  of  15,300  times  a  1.5 
factor 

b.  Ultimate  horsepower  is  1.5  times  limit 

c.  Multiple  load  paths  shall  be  provided  for  the  nacelle 
primary  structure,  bearings  and  actuator  fittings 

d.  Gyroscopic  effects  shall  be  conservatively  based  on  rigid 
propeller  mass  theory 

e.  Conditions  with  velocities  and  accelerations  shall  be 
combined  to  produce  maximum  effects 

f.  Maximum  c.g.  offset  shall  be  used  for  trim 


Ultimate  load  is  1.5  times  limit  load 
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SUMMARY  OF  CONDITIONS  -  NACELLE  STRUCTURE  AND  TILTING  MECHANISM 
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h.  The  actuator  motor  must  be  capable  of  tilting  the  nacelle 
105°  in  25  seconds  during  gusts  and  maneuvers.  This 
criterion  requires  a  dynamic  loading  of  65,000  pounds 
on  the  actuator. 

4.  NACELLE  GEOMETRY 

Nacelle  geometry  based  on  Figures  1-1  and  V-l  and  2  is  as  follows: 

a.  Rotcr  £  to  nacelle  pivot  112  in. 

b.  Rotor  £  intersects  nacelle  pivot 

c.  Nacelle  tilt  angle  0-105°  (from  cruise  position) 

5.  NACKT.TJ!  AND  ACTUATING  SYSTEM  DESIGN  DESCRIPTION 

The  design  aspects  of  the  wing  tip  and  nacelle  support,  the  nacelle 
tilting  system  and  the  nacelle  primary  space-frame  are  discussed. 

5.1  wBfl<fc,BAC£MB  Azsmmm;  OTWTURE 

Two  versions  of  the  wing-nacelle  attachment  beam  were  designed. 

System  A,  the  baseline  system,  is  shown  in  Figures  IV-7  and  V-3  and 
consists  of  a  shallower  beam  than  System  B  shown  in  Figure  V-3.  The 
two  systems  are  compared  in  this  Section. 

5.1.1  WING- NACELLE  ATTACHMENT  -  SYSTEM  A 

The  wing-nacelle  attachment  is  a  built  up  beam  shown  in  Figure  IV-7 
with  step  tapered  top  and  bottom  covers,  a  rear  spar  and  an  auxiliary 
spar.  Multi  load  path  pedestals  for  actuator  and  pivot  bearing  load 
points  are  internally  supported  by  ribs  which  act  as  load  distributors 
(as  shown  in  Section  C-C,  Figure  17-7).  The  beam  is  attached  to  the 


wing  and  the  loading  is  redistributed  by  tapered  splice  plates. 

The  cross  sectional  size  and  shape  of  the  beam  is  dictated  by  the 
following  geometric  criteria: 

a.  The  cross  shaft  is  positioned  on  the  wing  neutral  vertical 
bending  axis  to  give  minimum  superimposed  loads  due  to  wing 
deflection 

b.  The  nacelle  pivot  center  is  located  at  the  intersection  of 
the  wing  neutral  axis  and  the  hover  nominal  c.g.  position, 
this  gives  minimum  trim  cyclic 

c.  The  engine  centerline  is  offset  from  the  rotor  axis  by  the 
bull  gear/input  pinion  sizing  Which  is  optimized  to  give 
minimum  weight 

d.  The  angle  required  to  the  front  face  of  the  attachment  beam 
is  positioned  by  the  clearance  required  to  allow  the  nacelle 
structure  to  rotate  105°  from  cruise  position  for  aircraft 
deceleration  with  level  fuselage  in  the  helicopter  mode 

e.  The  rear  face  of  the  attachment  beam  is  positioned  to  be 
continuous  with  the  rear  spar 

f.  The  top  surface  of  the  attachment  beam  is  positioned  to  be 
continuous  with  the  top  wing  cover 

g.  The  bottom  surface  of  the  attachment  beam  is  positioned  by 
the  clearance  required  by  the  engine 

The  nacelle  pivot  center  was  chosen  by  the  following  procedure: 
a.  A  nacelle  package  was  assembled  of  all  component  parts 
required  and  a  c.g.  for  the  package  was  established 
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b.  The  nacelle  package  was  located  on  the  wing  in  the  cruise 
mode  so  that  rotor  to  wing  leading  edge  clearance  is  at 
least  one  £oot  at  all  structural  design  loading  conditions. 
The  c.g.  of  total  wing/nacelle  package  was  calculated. 

c.  The  wing/nacelle  package  was  located  on  the  fuselage  such 
that  the  combined  c.g.  was  located  at  25%  wing  chord  in 
the  cruise  mode. 

d.  The  pivot  axis  is  now  located  at  the  c.g.  of  the  aircraft 
with  the  rotors  tilted  up  for  the  hover  mode. 

5.1.2  wj^q.WArpT.TJ:  ATTACHMENT  -  SYSTEM  B 

In  an  effort  to  reduce  weight  it  was  decided  to  provide  an  increase 
in  depth  and  torque  box  area  of  the  attachment  beam  as  shown  in 
Figure  V-3.  The  bottom  surface  of  the  wing/nacelle  attachment  beam 
is  fixed  by  the  proximity  of  the  engines,  so,  to  increase  the  box 
depth  the  engines  must  be  lowered  and  tilted.  A  weight  review 
carried  out  on  configuration  B  shows  that  approximately  103  pounds 
can  be  saved  over  configuration  A. 

5.2  ACTUATOR  SYSTEM  DESIGN 

Two  actuator  systems  were  designed.  System  A  consists  of  a  pair  of 
actuators  each  capable  of  taking  the  most  critical  ultimate  load 
independently.  Since  system  A  is  heavy,  system  B  was  designed  in 
an  effort  to  decrease  the  weight. 

5*2.1  ACTUATOR  DESIGN  A 

The  maximum  load  condition  for  the  actuators  wns  determined  by 
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calculating  the  hinge  moment  distribution  for  a  number  of  critical 
conditions.  A  number  of  actuator  geometries  were  then  evaluated 
to  match  moment  arm  distribution  to  hinge  moment  distribution.  The 
geometry  which  gave  the  lightest  actuator  as  a  structural  element 
was  chosen.  The  actuator  kinematics  are  shown  as  a  function  of 
nacelle  tilt  angle  in  Figure  V-4. 

The  actuators  are  of  the  ball  screw  type,  pre-loaded  for  zero  back¬ 
lash  with  dual  acting  no-backs.  Hydraulic  motors  provide  drive 
power  through  an  epicyclic  reduction  box  (Figure  V-5) .  The  pair 
of  actuators  mounted  in  each  nacelle  are  coupled  together  by  a 
differential  drive  synchronizing  shaft  which  enters  on  the  motor 
side  of  the  no-back.  This  allows  the  no-back  to  be  unlocked  in  the 
event  of  a  failure  in  one  actuator. 

Gimbals  are  fitted  at  the  wing  box  junction  and  a  clevis  attaches  tc 
the  uni-ball  at  the  nacelle  truss.  This  type  of  mounting  will  allow 
axial  loading  of  the  actuator  under  conditions  when  misalignment  is 
incurred  due  to  structural  deflections.  The  ball-nut  is  held  sta¬ 
tionary  by  the  gimbal  and  the  ball-screw  is  driven.  This  method  was 
selected  because  it  allows  closer  spacing  of  the  actuators.  The 
close  spacing  limits  the  stiffness  change  in  the  event  that  one 
actuator  becomes  decoupled.  Each  actuator  in  the  nacelle  is  coupled 
to  a  separate  hydraulic  system.  The  actuator  ball  screw  barrel  can 
be  made  hollow  to  use  the  ISIS  system  discusser  in  Appendix  1  for 
fail  safety.  This  provides  a  weight  saving  as  well  as  increased 
safety. 
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figure  3Z :-s  ACTOAfOg.  F0&  TVjiu  IUSTKUATic 


5.2.2  ACTUATOR  DESIGN  B 


Due  to  the  weight  increase  over  initial  estimates,  a  design  review 
was  carried  out.  This  review  pin-pointed  the  actuator  area  for 
a  large  weight  saving  through  a  variation  in  our  design  approach. 
Reducing  the  number  of  actuators  in  each  nacelle  to  one  as  shown 
in  Figure  V-6  and  redesigning  as  follows : 

a.  Fit  a  ball  nut  to  each  end  of  the  screw 

b.  Drive  each  nut  through  an  epi-cyclic  reduction  box  by  a 
hydraulic  motor 

c.  Each  motor  will  be  capable  of  driving  both  nuts  by  means 
of  a  drive/synchronizing  shaft 

d.  Evaluate  the  ball  screw  barrel  and  install  an  ISIS  crack 
detector  for  fail  safety 

System  B  weighs  401  pounds  less  than  System  A  as  described  in  the 
weight  section. 

5 .3  SPACE  FRAME  PRIMARY  STRUCTURE  DESIGN 

The  space  frame  is  comprised  of  four  main  forged  trusses  joined 
together  in  a  redundant  manner  (Figures  V- 1,  V-2  and  V-7) .  Eight 
pick  up  points  are  provided,  two  for  actuators,  four  points  for 
the  transmission  ami  two  for  the  nacelle  pivot  bearings. 

The  pivot  bearings  are  uni-ball  with  dual  concentric  pins  giving  a 
redundant  load  path.  The  uni-ball  housing  is  mounted  in  the  truss 
which  has  redundancy  through  a  continuous  structure  backed  up  by  a 
bolted  on  secondary  structure.  The  four  pick  up  points  to  mount 
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the  transmission  use  concentric  dual  tension  bolts  in  "bath  tubs" 
which  have  integral  shear  bosses.  The  whole  of  the  primary 
structure  is  forged. 


6 .  STRUCTURAL  ANALYSIS 
6.1  DESIGN  LOADS 

Table  V-2  contains  a  summary  of  nacelle  hinge  momenta,  actuator  and 
bearing  loads  for  ten  basic  conditions.  Investigations  of  critical 
design  conditions  are  based  on  conditions  listed  in  Table  V-l  and 
the  geometry  of  Figure  V-6.  Calculations  are  conservative  and 
include  the  gyroscopic  effects  based  on  a  rigid  propeller  and  55% 
of  the  aircraft  limited  horsepower  converted  to  rotor  torque.  It 
is  assumed  that  the  rotor  control  feedback  system  which  is  to  reduce 
hub  moments  (including  gyroscopic)  is  inoperative o 


For  the  helicopter  flight  mode,  the  maximum  positive  and  negative 
hinge  moments  are  produced  by  condition  Q)  ,  Maximum  Cyclic.  Condition 
8^,  Maximum  Positive  Gust,  and  condition (lo) ,  Yawing,  produce  the 
maximum  negative  and  positive  hinge  moments,  respectively,  for  the 
aircraft  flight  mode. 


I 


[ 

I 


The  critical  design  position  of  the  actuator  is  in  the  aircraft 
flight  mode.  At  this  point,  the  actuator  column  length  is  approx¬ 
imately  78  inches  versus  29  inches  in  the  helicopter  flight  mode. 
Condition (lo) ,  Yawing,  produces  the  maximum  compression  load  in 
the  actuator  at  its  maximum  length. 
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OF  ULTIMATE  NACELLE  HINGE  MOMENTS,  ACTUATOR  AND  BEARING  LOADS 
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Condition^^,  Maximum  Rolling  Plus  Trim,  generated  the  maximum 
outboard  bearing  load  while  Cond it ior^T),  Modified,  produces  the 
maximum  inboard  bearing  load  for  the  helicopter  flight  mode.  Air¬ 
craft  flight  mode  condition^^.  Maximum  Positive  Load  at  Sea  Level, 
produces  the  maximum  outboard  bearing  load  while  condition (lo) , 


Yawing,  is  critical  for  the  inboard  bearing  for  the  aircraft  flight 
mode. 


The  critical  bending  moments,  shears  and  torsions  imposed  on  the 
wing-nacelle  support  structure  are  shown  in  Figures  V-8  through 
V-,10.  The  reference  axis  for  box  torsion  is  the  geometric  center 
of  the  box  and  is  assumed  to  be  tho  elastic  axis.  Bearing  loads 
are  applied  as  concentrated  loads  at  station  410.5  and  378.5. 
Actuator  loads  are  applied  equally  to  stations  402.5,  395.5, 

393.5  and  386.5. 


6.2  MATERIAL  SELECTION 

Material  selection  for  the  wing-nacelle  support  structure  box  is 
2024-T3/T351  for  the  spar  webs  and  skins,  7075-T73  for  forgings 
and  7075-T73511  for  extruded  caps  sections.  This  area  is  exposed 
to  a  fatigue  loading  environment  and  a  stress  corrosion  environment 
due  to  the  large  number  of  fittings  and  local  load  introduction 
areas.  The  materials  selected  are  exceptionally  resistant  to 
stress  corrosion  and  have  a  high  fracture  toughness  and/or  high 
fatigue  strength. 

Tr.e  primary  nacelle  structure  shown  in  Figures  V-l  and  V-2  is  forged 
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from  7075-T73.  This  alloy  condition  is  virtually  immune  to 
stress  corrosion  cracking.  The  tilting  mechanism  ball  screw 
is  made  from  4340  Modified  alloyed  steel. 

6.3  STRESS  ANALYSIS 

6.3.1  WING-NACELLE  ATTACHMENT 

In  the  area  of  the  wing-nacelle  support  structure,  the  section  is 
analyzed  as  a  box  beam.  The  skins  and  webs  are  shear  resistant  to 
limit  load  conditions.  Tabla  V-3  represents  a  summary  of  wing- 
nacelle  support  structure  skin,  webs  and  caps  sizes  and  material 
to  meet  the  loading  conditions. 

6.3.2  TILT  ACTUATOR 

In  the  aircraft  flight  mode,  the  actuator  is  in  the  extended  position 
and  critical  as  a  long  column.  The  method  of  analysis  is  the  stan¬ 
dard  long  column  equation  for  steel  alloy.  Column  and  fixity  coef¬ 
ficient  is  1.0,  L/y  is  125.  In  the  helicopter  flight  mode,  the  I//* 
is  46.9  and  is  in  the  short  column  range.  Ultimate  strength  require¬ 
ments  based  on  equal  distribution  to  each  actuator  result  in  a  ball 
screw  rod  root  diameter  of  2.48  inches.  Maximum  stress  level  is 
19,200  pounds  per  square  inch  in  compression  and  28,000  pounds  per 
uquare  inch  in  tension  for  the  aircraft  flight  mode.  With  one  of 
the  two  actuators  failed  the  stress  level  is  22,600  pounds  per  square 

inch  in  compression  and  32,300  pounds  per  square  inch  in  tension. 

* 

Maximum  ultimate  static  bearing  load  is  250,000  pounds  compared  to 
static  capacity  of  1.8  x  10^  pounds.  The  size  of  the  bearing  is  such 
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TABLE  V-3 


SUMMARY  OF  WING-NACELLE  SUPPORT 

STRUCTURE 

- 

WEB, 

SKINS 

AND  FLANGES 

WING 

TIP 

STATION 

WING 

STATION 

SKIN  THICKNESS 

SPAR  WEB  1 

THICKNESS 

SPAR 

CAPS 

UPPER 

LOWER 

AUX. 

REAR 

0 

360.5 

.235 

.228 

.282 

.231 

2x2 

x  .250 

18 

378.5 

.235 

.228 

.282 

.231 

i 

.338 

.282 

.505 

.223 

26 

386.5 

.338 

.282 

.505 

.223 

.322 

.229 

.472 

.263 

33 

393.5 

.322 

.229 

.472 

.2^ 

.233 

.229 

.433 

.230 

35 

395.5 

.233 

.229 

.433 

.230 

.172 

.196 

.400 

.200 

42 

402.5 

.172 

.196 

.400 

.200 

.157 

.217 

.349 

.165 

50 

410.5 

.157 

.217 

.349 

.165 

2x2 

x  .150 

NOTES : 

1.  Skin  and  spar  web  thickness  are  step-tapered 

as 

shown 

2.  Spar  cap3  are  tapered  linear 

3.  Material  -  2024-T3/T351  spar  webs  and  skins 
7075-T73511  extruded  spar  caps 
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that  a  single  fracture  of  the  ball  will  not  prevent  reaction  of 
the  ultimate  load. 


6.3.3  NACELLE  PRIMARY  STRUCTURE 

Table  V-4  is  «  summary  of  the  stresses  in  the  truss  structure  for 
the  following  tour  loading  conditions: 

a.  Rolling  pullout,  loading  condition^^ 

b.  Balanced  symmetrical  maneuver,  loading  condition (lo) 

c.  Hover  roll,  loading  condition^^ 

d.  Collective  dump  in  hover,  loading  conditior.^5^ 

The  stresses  in  the  members  are  low  compared  with  the  allowable 
stresses.  Further  work  is  needed  to  define  the  strength  and  stiff¬ 
ness  criteria  required  for  dynamic  stability  with  failed  members. 


7.  WEIGHT  ANALYSIS 

The  items  analyzed  in  this  section  are  the  wing  tip  nacelle  support 
outboard  of  wing  station  360.5,  the  tilting  mechanism  and  tho 
primary  nacelle  trues.  For  the  first  two  items  direct  comparisons 
can  be  made  to  weights  predicted  in  Reference  1-1  and  these  are 
summarized  in  fable  V-5  and  V-5. 


The  target  weight  in  Reference  1-1  was  based  on  1.596  of  gross  weight 
(1005  pounds) .  The  baseline  design  which  consists  of  wing  tip 
nacelle  support  A  and  twin  solid  screw  actuators  for  the  tilt  mechanism 
weighs  2157  pounds.  This  weight  is  decreased  to  1756  pounds  by  using 
the  single  actuator  scheme  B.  By  further  changing  the  design  to  use 
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SUMMARY  OF  NACELLE  TRUSS  MEMBER  STRESSES 
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TABLE  V-6 


SUMMARY  OF  TILT  MECHANISM  AND  ATTACHMENTS 


ORIGINAL 

ESTIMATE 

(TARGET) 

D 

E  S  I  G  N 

A 

DUAL 

ACTUATORS 

B 

SINGLE 

ACTUATOR 

C  (2) 

LIGHTEST 

WEIGHT 

Wing  Tip  and  Nacelle  Support 
(Design  A) 

Upper  Cover 

87 

87 

56 

Lower  Cover 

91 

91 

62 

Forward  Spar 

127 

127 

11G 

Rear  Spar 

61 

61 

54 

Ribs 

98 

79 

60 

Bearing  Fittings 

374 

374 

360 

Actuator  Fittings 

292 

150 

150 

Total  Wing  Tip  and  Nacelle 
Support 

1970  Technology 

1130 

969 

858 

1972  Technology 

450 

989 

848 

751 

Mechanism 

560^> 

300^ 

300  M 

Ball  Screw 

Motors 

40 

40 

40 

Gearboxes 

408 

408 

408 

Gearbox  Mounts 

160 

160 

160 

Total  Mechanism 

555 

1168 

•  908 

908 

Total  Tilt  Mechanism  and 
Provisions 

1970  Technology 

2298 

1877 

1766 

1972  Technology 

1005 

2157 

1756 

1659 

(1609)  l1' 

(1)  Hollow  Shaft  for  "ISIS"  Would  Weigh  16.6%  Less 

(2)  Single  Actuator,  Nacelle  Support  "B" 


V-34 


the  deeper  box  (nacelle  support  B)  and  the  single  hollow  actuator 
the  weight  of  the  wing  tip  and  actuator  package  is  estimated  to 
be  1609  pounds.  This  is  160%  of  the  target  weight. 


The  primary  nacelle  truss  weight  has  not  been  calculated  pending 
the  failure  node  analysis  of  the  truss. 

7.1  WING  TIP  AND  NACELLE  SUPPORT  WEIGHT 

The  wing  tip  and  nacelle  support  is  a  torque  box  extending  outboard 
of  wing  station  360.5  and  from  a  point  slightly  aft  of  the  wing 
center  spar  to  the  wing  rear  spar.  In  construction,  it  is  similar 
to  the  wing  torque  box. 

Table  V-5  summarizes  the  weights  of  designs  A  and  B  and  shows  that 
design  B  is  10%  lighter  than  design  A.  The  baseline  design  uses 
1970  Technology.  If  1972  Technology  was  used  12.5%  weight  reduction 
could  be  realized  by  substituting  boron-epoxy  components  in  the 
design.  This  design  with  composites  is  scheduled  for  Phase  IV  of 
the  contract. 

7  - ~  NACELLE  TILT  ACTUATOR  WEIGHT 

The  baseline  design  shows  two  side-by-side  actuators  for  each  rotor 
pod.  However,  the  design  can  be  improved  and  an  18.6%  weight  saving 
realized  by  installing  the  double-action  single  actuator,  shown  in 
Figure  V-6.  This  is  summarized  in  Table  V-6 .  The  weight  can  further 
be  reduced  by  8.4%  by  using  wing  tip  box  B  and  a  hollow  shaft  actuator 
The  most  optimistic  nacelle  tip  and  actuator  design  weigha  1609  pounds 
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NACELLE  PRIMARY  TRUSS  STRUCTURE  WEIGHT 


The  rotor  nacelle  can  be  divided  into  five  basic  sections: 

a.  the  space  truss 

b.  transmission  mount 

c .  eng ine  mount 

d.  fire  walls 

e.  nacelle  fairing 

Only  the  space  truss,  shown  in  Figure  V-7,  is  considered  in  this 
study  since  it  constitutes  the  largest  percentage  of  the  nacelle 
weight.  The  weight  of  the  truss  will  be  calculated  when  failure 
mode  criteria  are  defined  and  used  to  size  the  truss  members. 

8.  SURVIVABILITY 

A  survivability  analysis  was  not  part  of  the  basic  contract  but  the 
following  aspects  of  desian  and  material  choice  contribute  to 
surv ivabilit y : 

a.  dual  actuators  are  used  for  the  nacelle  tilt  in  the  baseline 
design  each  capable  of  ultimate  load 

b.  the  dual  actuators  are  fed  from  independent  hydraulic  supplies 

c.  the  actuators  can  be  evacuated  and  provided  with  crack 
detection  systems 

d.  the  actuators  are  shielded  by  the  rotor  hub,  transmission  and 
engines 

e.  the  forgings  are  made  from  7075-T73.  This  material  is 
exceptionally  resistant  to  stress  corrosion  and  has  high 
fracture  toughness 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  wing  tip  nacelle  support,  the  tilting  actuator  system  and 
the  transmission  support  truss  are  all  heavier  than  the  target 
weight.  The  criteria  for  structural  loads,  fail  safety  and 
survivability  need  examination  in  order  to  ensxire  that  they 
are  realistic. 

A  detailed  design  review  is  required  to  determine  if  re-  .icnrgn 
will  decrease  weight. 

A  criteria  must  be  established  for  the  nacelle  truss  to  account 
for  the  effect  of  failed  members  on  prop/rotor  stability  and 
component  stresses. 
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SECTION  VI 


ROTOR  BLADE  DESIGN 


1.  INTRODUCTION 

In  this  section,  the  detailed  design  of  the  rotor  blade  outboard 
of  7.5%  radius  (station  2-  "’5)  is  discussed.  The  root  end  reten¬ 
tion  is  discussed  in  Section  VII  with  the  hub  and  controls. 

The  weight  allocated  to  the  rotor  blade  in  Reference  1-1  was 
2,880  pounds.  The  design  discussed  here,  Boeing  Design  TR-2B , 
weighs  2,238  pounds  and  is  therefore  22%  lighter  than  the  value  in 
Reference  1-1.  This  difference  is  discussed  in  the  blade  weight 
analysis  section. 

The  design  objectives,  structural  design  criteria,  aerodynamic 
characteristics,  structural  and  weight  analyses  for  blade  TR-2B 
are  discussed. 

2.  OBJECTIVE 

Design  a  rotor  blade  based  on  the  geometry  and  criteria  determined 
in  Reference  1-1  in  order  to  verify  the  weight  prediction  and  satisfy 
the  structural  and  dynamic  requirements  discusst  '  below. 


3.  DESIGN  CRITERIA 
3.1  DYNAMICS 

The  blade  dynamic  requirements  are  defined  by  the  blade  natural 
frequencies  and  are  specified  as  follows: 
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a.  The  first  lag  bending  frequency  ratio  w/D  at  normal  heli¬ 


copter  RPM  shall  be  .70  to  .80. 

b.  The  first  flap  bending  natural  frequency  ratio  u/0  at 
normal  helicopter  RPM  shall  be  1..'  to  1.25. 

c.  There  shall  be  no  coincident  resonance  crossings  during 
runup. 

d.  The  first  three  flap-lag  coupled  natural  frequencies  shall 
be  displaced  +10%  of  rotor  RPM  and  +,  15/rev  from  any  in¬ 
teger  harmonic  for  both  helicopter  and  airplane  flights. 

e.  The  first  torsional  natural  frequency  shall  be  displaced 
+10%  of  rotor  RPM  and +.  25/rev  from  any  integer  harmonic 
for  both  helicopter  and  airplane  flights. 

f.  There  shall  be  no  resonance  crossings  within  the  normal 
operating  RPM  range;  i.e.,  from  cruise  to  hover  RPM. 

g.  The  blade  shall  be  free  from  conventional  and  stall  flutter 
in  all  normal  operating  conditions. 

h.  The  dynamic  balance  axis  shall  be  at  or  forward  of  25% 
chord. 

3 . 2  DESIGN  CONDITIONS 

3oth  ultimate  and  fatigue  design  conditions  are  evaluated  for  the 
blade.  Fatigue  design  loads  for  design  TR-2B  are  those  produced 
by  a  hover  cyclic  control  fatigue  condition.  This  single  fatigue 
condition  produces  loads  that  are  ihigher  than  all  other  normal 
flight  conditions  including  hover  with  wind,  sideslips  in  high¬ 
speed  flight  in  the  airplane  mode  and  ground  runups  and  shutdowns 
through  blade  resonances  points. 
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Ultimate  Loading:  Two  conditions  are  considered  for  ultimate  load 
analysis : 

a.  Application  of  maximum  cyclic  pitch  (limit) 

b.  2.5g  (limit)  vertical  takeoff 

The  cyclic  pitch  for  both  conditions  includes  that  required  to  trim 
the  aircraft  level  at  the  extreme  C.G.  position. 

a.  The  ultimate  load  is  1.5  times  the  limit  load. 

b.  A  limit  load  factor  of  1.25  is  applied  to  account  for 
transient  effects. 

c.  The  limit  rotor  speed  is  1.25  times  the  normal  operating 
rotor  speed. 

The  maximum  cyclic  pitch  is  limited  by  a  mechanical  stop  set  for 
the  greater  of: 

a.  Trim  Cyclic  +  Yaw  Control  Cyclic  +  .50  Pitch  Control 
Cyclic 

OR 

b.  Trim  Cyclic  +  ,50  Yaw  Control  Cyclic  +  Pitch  Control 
Cyclic 

Fatigue  Loading:  The  fatigue  design  loads  for  preliminary  design 
are  based  on  application  of  hover  cyclic  pitch  control.  Rotor 
blade  alternating  stresses  shall  be  less  than  the  fatigue  endur¬ 
ance  limit  for  the  following  cyclic  control  condition: 

a.  Cyclic  pitch  to  trim  aircraft  level  at  the  extreme  criti¬ 
cal  C.G.  position,  plus  25%  of  the  maximum  yaw  control 
available . 
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4 .  ROTOR  GEOMETRY 


The  chord,  thickness  airfoil  section  and  twist  distributions  are 
shown  in  Figure  VI- 1. 

The  following  are  some  primary  characteristics: 

a.  Rotor  diameter  =  55.0  feet 

b.  Power  limit  per  rotor  =  5,860  horsepower  in  hover 

c.  Disc  loading  =  14.3  PSF  at  design  gross  weight 

d.  Solidity  =  .091 

e.  Blades  per  rotor  =  3 

f.  Average  blade  chord  =  2,65  feet 

g.  Hover  tip  speed  =  850  feet  per  second 

h.  Cruise  tip  speed  =  595  feet  per  second 

5 .  ROTOR  BLADE  DESIGN  DESCRIPTION 
5.1  INTRODUCTION 

Model  215  prop/rotor  blade  design  TR-2B  is  a  soft  in-plane  non- 
articulated  rotor  blade  with  a  pitch  bearing  to  provide  cyclic  and 
collective  control  for  soft  in-plane  rotor  blades.  The  first  in- 
plane  frequency  is  placed  at  less  than  1/rev  (.75/rev)  similar  to 
the  BO-105  helicopter  rctor  blade.  This  design  feature  reduces 
in-plane  loads  by  a  factor  of  four  when  compared  with  stiff  in¬ 
plane  blades  as  described  in  Reference  VI-1,  and  allows  the  design 
to  be  built  within  the  allocated  target  weight  in  Reference  1-1. 

The  blade  assembly  is  a  composite  structure  consisting  of  a  fiber¬ 
glass  spar  assembly  with  titanium  root  end  fittings,  aluminum 
honeycomb  core  assemblies  with  fiberglass  skins  and  molded  fiber- 


glass  channels  and  trailing  edge  wedges,  titanium  leading  edge 
erosion  protection  strips,  a  tip  weight-  assembly  and  tungsten  nose 
balance  weights. 

The  blade  structural  configuration  is  the  "C"-spar  design  which  is 
based  on  the  Boeing -Vertol  AGB  (Advanced  Geometry  Blade)  concept. 
The  "C"-spar  design  was  chosen  because  it  utilizes  Boeing-Vertol 
past  experience  in  the  design  and  fabrication  of  the  all-fiberglass 
AGB  blades  which  have  been  successfully  flown  on  a  CH-47.  Figures 
VI-2,  3  and  4  illustrate  the  design  details  of  the  blade  assembly. 

Figure  VI-5  presents  an  alternate  blade  assembly  design  TR-3A . 

In  this  design,  additional  structure  has  been  added  to  transfer 
the  trailing  edge  loads  from  chordwise  bending  into  the  spar.  The 
transition  from  the  inboard  spar  flexure  region  to  the  outboard 
"C"-spar  has  been  lengthened  (station  115.50  to  station  165.00). 
Also  shown  is  an  ISIS  system,  described  in  Appendix  1,  to  provide 
crack  detection  in  the  root  attachment  and  spar.  Blade  design 
TR-3A  has  not  been  structurally  analyzed  and  weighed. 

5.2  DESIGN  DESCRIPTION  OF  ROOT  RETENTION  AND  SPAR  ASSEMBLY 
5.2.1  Root  Retention 

The  root  retention  fitting  inboard  of  1  lade  station  24.75  and  the 
root  socket  are  integral  members  of  the  spar  assembly  as  shown  in 
Figures  VI-2  and  6.  During  manufacture,  the  spar  is  "laid  up"  on 
the  retention  fitting,  the  socket  is  installed  and  the  spar  is 
cured  with  these  members  in  place. 

The  blade  centrifugal  force  loads  are  transferred  from  the  spar 
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to  the  root  retention  fitting  by  the  wedge  action  of  the  conical 
shape  of  the  fitting.  Blade  bending  and  shear  loads  are  transferred 
from  the  spar  to  the  fittings  by  socket  action.  Blade  pitching 
moments  are  transferred  from  the  spar  to  the  fittings  through  the 
longitudinal  spline  projections  as  shown  in  Figure  VI-6.  The 
stress  analysis  for  the  root  retention  is  described  in  Section  VII. 

5.2.2  Spar 

The  spar  is  the  primary  structural  member  of  the  blade.  Between 
stations  24.75  and  115.5  it  is  round  to  provide  the  flexure  re¬ 
quired  for  the  soft  in-plane  and  out -of -plane  motions.  This  flexure 
design  has  been  optimized  for  constant  bending  stress  and  tapers, 
therefore,  in  diameter  from  the  root  toward  station  115.5  T2-e  spar 
inboard  of  station  115.50  alone  provides  the  required  stiffness  and 
strength  along  this  region  of  ihe  blade  span.  The  skins  and  core 
structures  of  the  individual  blade  segments  transfer  the  aerody¬ 
namic  and  inertial  loading  contribution  of  these  segments  to  the 
spar. 

The  transition  between  stations  115.50  and  148.50  forms  a  "C-spar 
at  station  148.50  and  the  spar  remains  a  "C"  section  outboard  to 
the  blade  tip.  The  composite  makeup  of  the  spar  is  XP251S  pre¬ 
formed  unidirection  fiberglass  sandwiched  between  layers  of  1002S 
crossply  fiberglass  skins  in  the  proportion  of  60/40  respectively, 

5.2.3  Failure  Detection 

Figure  VI-5  illustrates  a  preliminary  design  for  the  incorporation 
of  the  Boeing-Vertol  developed  ISIS  (Integral  Spar  Inspection  Sys¬ 
tem)  .  The  interface  between  the  ISIS  liner  assembly  and  spar  is 
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evacuated.  With  the  occurrence  of  a  crack  anywhere  in  the  spar 
area  to  be  monitored,  there  is  an  increase  in  pressure  in  the  in¬ 
terface  which  is  indicated  by  the  ISIS  indicator  assembly.  A  de¬ 
tailed  description  of  this  system  is  included  in  Appendix  1. 

5.3  DESIGN  DESCRIPTION  OF  BLADE  FAIRING  AND  BALANCE  PROVISIONS 

5.3.1  Blade  Sections 

The  sections  of  the  blade  assembly  inboard  of  station  115.50  (35%R) 
shown  in  Figure  VI-3  are  composed  of  individual  blade  segments  at¬ 
tached  to  the  spar  and  separated  by  an  elastomeric  cushion.  These 
segments  have  lifting  capacity  but  contribute  a  negligible  amount 
to  blade  stiffness. 

The  sections  of  the  blade  assembly  outboard  of  station  115.5  to  the 
tip  are  shown  in  Figure  VI-4.  The  aft  section  of  the  blade  has 
fiberglass  crossply  skins  which  are  stabilized  by  an  aluminum  honey¬ 
comb  core. 

5.3.2  Core  Assemblies 

The  honeycomb  from  station  148.50  to  the  blade  tip  is  bonded  to  the 
internal  surface  of  the  spar.  In  the  flexure  area,  the  honeycomb 
is  foam  bonded  along  the  external  spar  surface.  The  density  of  the 
honeycomb  is  2.3  pounds  per  cubic  foot  except  in  the  leading  edge 
area  in  the  flexure  region  from  station  24.5  to  115.5.  In  this 
area,  the  density  is  4.4  pounds  per  cubic  foot  to  provide  a  better 
balance  for  the  aerodynamic  fairing  blade  segments. 

5.3.3  Nose  Balance  Weights 

The  nose  balance  weights  are  tungsten  rods  that  are  cut  into  short 
lengths  and  drilled  to  meet  the  required  station  by  station  balance 
about  the  pitch  axis . 
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5.3.4  Tip  Hardware 

The  spar  unidirectional  and  crossply  laminates  are  wrapped  around 
the  tip  anchor  fitting  shown  in  Figure  VI-2  during  the  spar  molding 
operation.  Four  studs  are  attached  to  the  fitting  which  retain 
the  tracking  and  balance  weights.  The  tip  rib  provides  a  housing 
for  the  weights  and  is  foam  bonded  to  the  anchor  fitting  and  honey¬ 
comb.  It  is  also  bonded  to  the  top  and  bottom  crossply  skins.  A 
melded  glass  fabric  tip  cover  mounts  on  the  open  end  of  the  tip  rib. 
The  tip  cover  is  retained  by  four  screws . 

The  overbalance  fitting  is  bonded to  the  inside  contour  of  the  spar 
and  provides  a  housing  for  the  overbahnee  weight.  The  weight  can 
be  cut  in  length  to  readjust  the  dynamic  and  static  balance  axes 
of  the  blade.  It  is  snugly  retained f  inboard  by  the  fitting,  and 
outboard  by  the  forward  tracking  weight  stud  and  a  spacer. 

5.3.5  Leading  Edge  Erosion  Strip 

The  leading  edge  erosion  protection  strip  is  made  of  titanium  seg¬ 
mented  to  provide  strain  compatibility  with  the  low  modulus  fiber¬ 
glass  blade  structure.  A  similar  system  has  been  used  on  the 
fiberglass  BO-105  blade. 

5.3.6  Material  Selection 

The  selection  of  materials  for  the  rotor  blade  primary  structure 
was  made  after  an  extensive  review  of  both  existing  and  advanced 
materials.  A  major  requirement  in  the  development  of  a  soft  in¬ 
plane  prop/rotor  system  is  that  the  material  must  have  high  fatigue 
strength  and  low  modulus  of  elasticity.  An  evaluation  of  a  number 
of  materials  on  the  basis  of  strength-to-stiffness  was  made  with 


VI-20 


the  results  presented  in  Figure  VI-7.  This  figure  shows  that  fib¬ 
erglass  composites  of  S-glass  with  epoxy  resin  offer  the  best 
structural  properties  for  this  design  application.  The  composite 
of  60%  XP251S  unidirectional  fibers  and  40%  1002S  45°  crossplied 
fibers  was  selected  as  the  optimum  arrangement  for  strength  and 
stiffness  in  bending  and  torsion. 

Manufacturing  techniques  for  fiberglass  blades  have  been  developed 
at  Boeing  in  conjunction  with  the  Advanced  Geometry  Blade  program. 
These  blades  were  successfully  flight  tested  on  the  CH-4"’°. 

6.  STRUCTURAL  ANALYSIS 

The  flow  diagram  for  blade  structural  analysis  is  shown  in  Figure 
VI-8.  Each  element  of  the  flow  chart  will  be  described  in  detail 
in  this  section. 

The  margins  of  safety  of  the  blade  TR-2B  are  summarized  in  Figure 
VI-9.  The  negative  margin  of  4%  at  the  7.5%  radius  station  can  be 
eliminated  by  local  strengthening  without  adverse  effects  on  weight 
and  blade  dynamics. 

6 . 1  PRELIMINARY  CALCULATION  OF  ROOT  FLEXURE  PROPERTIES 
Preliminary  properties  for  the  critical  root  flexure  region  were 
calculated  by  using  the  equations  presented  in  Reference  VI-2 
modified  for  preliminary  design  of  soft  in-plane  rotors  (Refer¬ 
ence  VI-3).  Only  the  weight  of  the  blade,  control  requirements  of 
the  aircraft  and  fatigue  design  criterion  are  required.  From  this 
calculation,  the  root  of  the  blade  was  chosen  to  be  7.5%  radius  and 
the  flexure  length  to  be  approximately  25  to  35%  radius.  Prelim- 
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FIGURE  VI- 7  COMPARISON  OF  MATERIALS  ON  FATIGUE  STRENGTH/STIFFNESS  BASIS 
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STRESS  ANALYSIS 


FIGURE  Vl-8 


FLOW  CHART  OF  BLADE  STRESS  CALCULATION 
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inary  values  of  El  in  the  flapwise  and  chordwise  directions  were 
also  chosen.  From  this,  a  preliminary  blade  design  was  sketched 
and  iterated  through  the  main  loop  of  Figure  VI-8  until  the  criteria 
were  satisfied  by  design  TR-2B. 

6 . 2  ROTOR  BLADE  PHYSICAL  PROPERTIES 

The  blade  physical  properties  required  for  input  to  the  L-02  and 
L-21  computer  programs  which  yield  outputs  of  blade  natural  fre¬ 
quencies,  mode  shapes  and  rotor  loads  include  the  following: 

a.  Weight  distribution 

b.  Flapwise  bending  stiffness  distribution 

c.  Chordwise  bending  stiffness  distribution 

d.  Polar  mass  moment  of  inertia  distribution 

e.  Torsional  stiffness  distribution 

f .  Locus  of  neutral  axes 

These  are  shown  in  Figures  VI-10  through  VI-15.  The  blade  is 
balanced  about  the  25%  chord  and  a  10-pound  tip  weight  is  used  for 
dynamic  balance. 

6.3  ROTOR  BLADE  NATURAL  FREQUENCY  CALCULATION  AND  FLUTTER  EVALU¬ 
ATION 

Programs L-01  and  L-21  were  used  to  calculate  the  torsional  and  in¬ 
plane  and  out-of -plane  frequencies  for  the  rotor  blade  hover  and 
cruise  collectives.  Summaries  of  these  computer  programs  are 
shown  in  Appendix  2. 

The  calculated  blade  bending  natural  frequency  ratios  (1st  and  2nd 
modes)  at  the  design  hover  rotor  speed  are  .76  (lag)  and  1.25 
(flap) .  The  blade  natural  frequencies  for  the  normal  operating 
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FIGURE  VI-14  MODEL  215  AIRCRAFT  TILT  ROTOR- 

PROP/ROTOR  BLADE  -  BLADE  PHYSICAL 
PROPERTIES  VS.  BLADE  SPAN 


i 


SPANWISE  DISTRIBUTION  OF  CHORDWISE  NEUTRAL  AXES 


rotor  speeds  in  hover  and  cruise  are  presented  in  Table  VI-1. 

A  natural  frequency  spectrum  for  the  rotor  speeds  in  hover  and 
cruise  is  presented  in  Figures  VI-16  and  VI- 17.  All  the 
frequency  criteria  and  objectives  defined  in  the  dynamic  criteria 
have  not  been  met,  but  can  be  achieved  by  fine  tuning  the  design. 

In  particular,  the  blade  third  mode  bending  frequency  ratio  falls 
close  to  an  integer  harmonic  as  can  be  seen  in  the  frequency 
spectrum  plot.  The  third  mode  frequency  can  be  lowered  by 
redistributing  the  weight  and  stiffness  in  the  30  to  50%  radius 
location.  This  change  will  also  eliminate  the  3  per  rev  crossing 
of  the  third  mode  in  going  from  hover  to  cruise  RPM. 

6.3.1  Stall  Flutter 

The  stall  flutter  characteristics  of  the  rotor  blade  were  evaluated 
for  hover  at  normal  design  gross  weight.  Thrust  is  based  on  gross 
weight  plus  hover  download  and  a  15%  thrust  control  maneuver  mar¬ 
gin.  The  results  from  Figure  VI-18  show  the  blade  to  be  free 
from  stall  flutter  since  the  hover  condition  was  chosen  to  be  at 
the  inception  of  stall  flutter  to  minimize  aircraft  weight. 

6.3.2  Conventional  Flutter 

The  blade  is  balanced  at  25%  chord  to  prevent  conventional  flutter. 
This  has  been  verified  by  program  L-01  which  calculates  the  modal 


damping. 


TABLE  VI-1 


BLADE  NATURAL  FREQUENCIES  FOR  BLADE  DESIGN  TR-2B 


ZERO  TUNING  WEIGHT 


NATURAL  FREQUENT  C.P.  M. 


FRErsy  JEM  CY  C .  P.  I A 


ROTOR  R.P.M 


6.4  ROTOR  BLADE  LOADS  CALCULATION 


The  design  blade  loads  were  calculated  by  the  L-02  computer  program 
which  incorporates  the  Leone-Myklestad  analytical  method  for  com¬ 
puting  rotor  loads.  The  outputs  yield  blade  spanwise  distributions 
of  steady  and  alternating  flapwise,  chordwise  and  torsional  moments 
and  centrifugal  force  for  each  of  the  design  conditions  considered. 
The  design  load  condition  was  hover  flight  with  cyclic  control. 

The  flying  qualities  criteria  for  aircraft  initial  accelerations 
in  hover  are  0.5  rad/sec2  for  aircraft  yaw  and  0.6  rad/sec2  for 
aircraft  pitch.  The  control  moments  required  to  produce  these  ac¬ 
celerations  are  calculated  below.  Also  included  is  the  control 
moment  required  to  trim  the  aircraft  to  a  level  position  for  the 
extreme  C.G.  condition.  The  calculation  of  cyclic  required  to  pro¬ 
duce  control  moment  includes  the  effect  of  wing  twist. 

5.4.1  Required  Aircraft  Trim  and  Inertia  Moments 


\ 


W  =  67,000  lbs 
Iy  =  244,124  slug/ft2 
Iz  =  1,109,183  slug/ft2 
=  11.6  in 
L->  =  789  in 
L3  =  112  in 

9  =0.6  rad/sec2 

••  2 
«  0..5  rad/sec 
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Required  Trim  Moment: 


MtRIM  =  ^  1*1  =  (67/000) 

MtRIM  =  777/600  m—lbs 

Required  Yaw  Moment: 

MyAW  =  Iz  *  =  1,109/183  (12)  (0.5) 

MyAW  ~  ^  f  655,100  m— lbs 

Required  Pitch  Moment: 

MpiTCH  =  ^Y  ®  =  244,124  (12)  (0.6) 

MpiTCH  =  1,757/700  in- lbs 

6.4.2  Required  Rotor  Forces  and  Moments 

The  cyclic  inputs  required  to  react  the  externally  applied  moments 
are  now  considered  in  this  analysis.  Hub  forces  generated  by  the 
cyclic  inputs  react  the  applied  moments  as  follows: 


Trim  Control: 


mTRIM  =  My  +  112  Fx 
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Pitch  Control: 


rfR"* 


112 


) 


VI/,. 


vly  pitch 


mpitch  “  my  +  112  Fx 


6.4.3  Rotor  Hub  Forces  and  Moments  Produced  by  Cyclic  Pitch 
The  rotor  hub  forces  calculated  by  the  L-02  computer  program  for 
1°  cyclic  input  are  as  follows: 

Fx  «  736  lbs 
Fy  =  92  lbs 
Fz  =  34,180  lbs 
Mx  =  83,189  in-lbs 
My  =  224,020  in-lbs 
Mz  =  1,136,300  in-lbs 

The  amount  of  cyclic  pitch  required  to  produce  the  aircraft  moments 
specified  for  the  fatigue  condition  in  paragraph  6.4.1  can  now  be 
calculated  as  follows: 


MtrjM  =  777>600  “  388,600  in-lbs 

Myaw  =  '.25  (6,655,100)  =  1,663,775  in-lbo 
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The  cyclic  inputs  required  may  now  be  computed  as  follows: 


®TRIM 


388,600 
My  +  ll2  Fx' 


388,600  =  1.26° 
308,000 


0YAW 


1,663,775 
789  (FX  +  AFX) 


1,663,775  =  2.28° 

“  7'3'Q","5<y<3 


Qp-T-rH  =  219,713  =  219,713  «  .71° 

My  +  'iit  fx  myoot) 


The  cyclic  input  required  for  fatigue  design  is: 


0CYCLIC  “  ®TRIM  +  0YAW 
=  1.26°  +  2.28° 

eCYCLIC  =  3.54° 


From  the  L-02  computer  program,  the  radial  distribution  of  steady 
and  alternating  blade  loads  have  been  computed  for  the  design 
cyclic  input  and  are  presented  in  Figures  VI-19  through  VI-25. 

6.4.4  Ultimate  Loads 

The  greater  of  the  two  following  conditions  determines  one  design 
ultimate  loads  for  the  rotor  blades.  These  are  namely  the  maximum 
cyclic  condition  and  the  2.5g  vertical  takeoff  condition. 
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IGURE  VI-19  MODEL  215  TILT  ROTOR  -  PROP/ROTOR  BLADE 
RADIAL  DISTRIBUTION  OF  CENTRIFUGAL  FORCE 


FIGURE  VI-20  MODEL  215  TILT  ROTOR  -  PROP/ROTOR  BLADE 

RADIAL  DISTRIBUTION  OF  VIBRATORY  FLAP 
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FIGURE  VI-21  MODEL  215  TILT  ROTOR  -  PROP/ROTOR  BLADE 
RADIAL  DISTRIBUTION  OF  VIBRATORY  CHORD 


BLADE  SPAN 


r/R 


FIGURE  VI-23  MODEL  215  TILT  ROTOR  PROP/ROTOR  BLADE 
RADIAL  DISTRIBUTION  OF  CONSTANT  CHORD 


ALTERNATING  TORSIONAL  MOMENT  VS .  BLADE  SPAN 
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STEADY  TORSIONAL  MOMENT  VS.  BLADE  SPAN 


The  maximum  cyclic  condition  is  defined  as: 


a.  Trim  Cyclic  +  Yaw  Control  Cyclic  +  .50  Pitch  Control 
Cyclic 

OR 

b.  Trim  Cyclic  +  .50  Yaw  Control  Cyclic  +  .50  Pitch  Cyclic, 
whichever  is  greater.  Accordingly, 


0TRIM 


388,600 


1.26° 


©vivy.7  =  6,655,100  =  9.12° 
YAW  ~7To;Wb 


©PITCH  -  878,000  =  2.84° 

308,000 

©cyclic  =  1*26°  +  9*12°  +  ,5°  (2*84°) 

eCYCLIC  =  11,800 

The  ultimate  blade  bending  and  torsional  moments  and  shears  for 
the  maximum  cyclic  condition  are  determined  by  modifying  the  steady 
and  alternating  loads  of  the  fatigue  loading  condition  in  the  fol¬ 
lowing  manner: 

malternating  mSTEADY  1  d*50) 


M  = 


11.80 

ITT? 


?11.80\ 


v  = 


VALTERNATING 


VSTEADY 


(1.50) 


The  ultimate  blade  bending  and  torsional  moments  and  shears  for 
the  2 . 5g  vertical  takeoff  condition  are  determined  by  modifying  the 
steady  and  alternating  loads  of  the  fatigue  loading  condition  in 
the  following  manner: 


M  = 


MALTERNATING 


^ALTERNATING 


mSTEADY 


(2.50)  (1.50) 


V 


STEADY 


(2.50)  (1.50) 


6.5  STRESS  ANALYSIS 


This  stress  analysis  of  the  rotor  blade  is  limited  to  an  evalua¬ 
tion  of  the  stren3th  of  the  primary  structure  which  is  composed  of 
a  fiberglass  composite  spar  and  45°  crossply  fiberglass  skins. 

The  critical  blade  inboard  section  is  investigated  in  detail  for 
the  combined  loadings  of  bending,  shear,  torsion  and  centrifugal 
force  determined  by  the  loading  conditions  of  hover  flight  with 
cyclic  control.  It  is  shown  to  be  structurally  adequate  within 
the  limits  established. 

The  bending  and  axial  stresses  are  calculated  for  the  composite  of 
45°  crossply  and  unidirectional  fiberglass  using  the  allowables 
from  Reference  III-2  and  tabulated  in  Table  VI-14. 

The  shear  and  torsional  loads  are  assumed  to  be  taken  by  the  45° 
crossply  only.  The  margins  of  safety  have  been  computed  without 
considering  the  effects  of  stress  interaction. 

6.5.1  Rotor  Blade  Loads  and  Stresses 

The  rotor  bLade  loads  relative  to  the  in-plane  and  out-of-plane 
axes  at  several  inboard  blade  stations  for  the  fatigue,  maximum 
cyclic  and  2.5g  vertical  takeoff  conditions  are  presented  in 
Tables  VI-2,  VI-3  and  VI-4.  Positive  sign  convention  for  blade 
loads  is  shown  in  Figure  VI-26. 

These  loads  have  been  resolved  to  yield  the  resultant  steady  and 
alternating  loads  using  the  equations  on  Figure  VI-27.  These 
loads  are  shown  in  Tables  VI-5  through  VI-10. 
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FIGURE  VI-26 


POSITIVE  SIGN  CONVENTION  FOR  BLADE  LOADS 


z 


Vx  =  In  Plane  Shear 

Vz  =  Out  of  Plane  Shear 

Mx  =  Out  of  Plane  Moment 

My  =  Torsional  Moment 

Mz  =  In  Plane  Moment 

V'x  =  Chordwise  Shear 

V'z  =  Beamwise  Shear 

M\  =  Beamwise  Moment 

M'z  =  Chordwise  Moment 

Centrifugal  Force  is  Nor¬ 
mal  to  the  Z-X  Plane 
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FIGURE  VI-27 


RESOLUTION  OF  BLADE  MOMENTS  AND  SHEARS 


For  fatigue  analyses; 


MFATIGUE  "  mRalt  +  MrSTEADY  COS 
^FATIGUE  =  mYALT  +  ^STEADY 
C.F.  =  C.F.  at  hover  rotor  speed 


for  ultimate  analyses; 

"ultimate  ■  1'5'\/("x alt’2  +  (Mrsteady)2  +  2  Mralt  ""steady  oos4* 

TULTIMATE  *  *  •  5  ^AL'f  +  ^STEADY^ 

C.F.  -  (C.F.  at  hover  rotor  speed)  (1.25)  (1.25)  (1.5) 

(for  max.  tension  stress) 

-  (C.F.  at  hover  rotor  speed)  (1.5) 

(for  max.  compressive  stress) 


The  same  method  is  used  for  the  shear  loadings. 


I -.5  6 


ULTIMATE  ANALYSIS  (MAX.  CYCLIC  COND.)  (MOMENT) 


1 


i 


ULTIMATE  ANALYSIS  (MAX.  CYCLIC  COND . )  (SHEARS) 


ULTIMATE  ANALYSIS  ( 2 . 5q  VERTICAL  TAKEOFF)  (SHEARS) 
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A  summary  of  the  section  properties  is  presented  in  Table  VI-11. 

The  fatigue  analysis  stresses  are  summarized  in  Table  VI-12  and  the 
margins  of  afety  and  the  allowable  material  endurance  limit  in 
Table  VI-14. 

The  two  ultimate  conditi  tns  were  examined  for  maximum  loads  and  the 
maximum  cyclic  in  hove.,  was  found  to  be  critical.  These  loads  are 
summarized  in  Table  VI-13  and  the  resulting  margins  of  safety  and 
material  allowables  in  Table  VI-14. 

The  largest  negative  margin  of  safety  ol  4%  occurs  for  the  hover 
fatigue  condition.  This  is  within  the  tolerance  of  the  study  and 
can  be  corrected  by  locally  strengthening  the  beam  at  the  inboard 
end. 


7.  WEIGHT  ANALYSIS 

The  target  total  rotor  weight  was  determined  in  Reference  1-1  as 
2628  pounds  per  rotor  based  on  a  sea  level,  standard  day  horsepower 
requirement.  The  actual  design  condition  is  for  a  2,500-foot  alti¬ 
tude  hot  day  and  a  re-evaluation  of  the  blade  weight  has  been  made. 
The  new  prediction  of  2,220  pounds  agrees  very  well  with  the 
current  design  weight  of  2,238  pounds.  The  weight  accounting  based 
on  the  67,000-pound  aircraft'  of  Phase  I,  however,  shows  a  net 
weight  saving  of  22%.  These  data  are  summarized  in  Table  VI-15. 

Blade  root  retention  weights  are  based  on  the  stress  analysis  in 


Section  VII. 


SUMMATION  OF 


TABLE  VI- 12 


FATIGUE  CONDITION: 


BLADE 

© 

© 

© 

© 

© 

© 

STATION 

(r/R) 

Mralt 

M 

RSTEADY 

balt 

°BSTEADY 

CF 

°CF 

@x(D 

0X® 

@x(J) 

.075 

410624 

581191 

13674 

19354 

105200 

5260 

.100 

351391 

491529 

13458 

18826 

103800 

5200 

.150 

250403 

338954 

13171 

17829 

100500 

6241 

.250 

109960 

122313 

12338 

13724 

92070 

10588 

.300 

69564 

57635 

10887 

*020 

87610 

12870 

BLADE 

STATION 

(r/R) 

© 

I 

“STEADY 
©  +  © 

© 

%LT 

@ 

M 

Steady 

@ 
tALT 
®x  © 

© 

T STEADY 
@  X  © 

© 

VR 

kalt 

.075 

24614 

42645 

21290 

925 

462 

7112 

.  100 

24026 

42763 

21240 

1065 

529 

6727 

|  .150 

24069 

42976 

24970 

1470 

854 

5470 

1  .250 

| 

24312 

43306 

27500 

3118 

1930 

3046 

!  .300 

21890 

43318 

26650 

4375 

2692 

1876 

© 

© 

® 

© 

i  BLADE 
STATION 
(r/R) 

VR 

RSTEADY 

tALT 

©X  © 

I. 

^STEADY 
@  *  © 

et 

tALT 
@  +  @ 

.075 

10787 

471 

714 

1396 

1  .100 

1 

10204 

446 

677 

1511 

.  150 

8354 

449 

686 

1919 

.250 

4884 

463 

1  742 

3581 

.300 

3317 

365 

644 

4740 
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2941754 

97960 

246563 

12328 

157800 

2509563 

96116 

243281 

12188 

155700 

.150 

1773235 

°3272 

235547 

14627 

150750 

.250 

744009 

83329 

215789 

24816 

138105 

.300 

444410 

69550  j 

205336 

30164 

131415 

©  ©  ©  ©  @ 

•  I  ]  I  I 


BLADE 

i 

0 

0 

0 

!  M 

T 

STATION 

(r/R) 

—  i 

CF 

ULT 

ULT' 

I  y 

uLT 

ULT 

©  x© 

@  +  @ 

©  -  © 

©  X  ©  i 

.075 

.100 

.150 

.250 

.300 


7890 

7801 

9362 


15882 

19305 


BL^DE 
!  STATION 
!  (r/R) 


3435 

3256 

3285 

3434 


110288 

90070 

245161 

108304 

88315 

245676 

107899 

83910 

252333 

108145 

67447 

257779 

99714 

50245 

256565 

© 

XULT 

''ULT 

@x@! 

©  <•© 

IS 


is 


MG 


UxjI 

1  UiJ± 

UJjI 

.075 

110208 

.30 

1 

90070 

.06 

8755 

3.10 

.100 

108304 

.32 

88315 

.07 

9373 

2.92 

.150 

107899 

.32 

83910 

.13 

11915 

2.01 

.250 

108145 

.32 

67447 

.41 

21994 

.64 

.300 

99714 

.44 

52045 

.88 

28703 

.25 

FATIGUE  ANALYSIS: 


©  .  @  <&  @ 


r/R 

MS 

talt 

MS 

.075 

13674 

-.04 

1396 

3.50 

.100 

13458 

-.03 

1511 

3.16 

.150 

13171 

-.01 

1919 

2.28 

.250 

12338 

.05 

13581 

.76 

.300 

10887 

.19 

4740 

.33 

ALLOWABLE  STRESSES: 

=  13000  nSI 
=  63000 
=  36000  PSI 
=  143000  PSI 
=  94500  PSI 
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TABLE  VI-15 
ROTOR  BLADE  WEIGHT 


ORIGINAL 

WEIGHT 

(TARGET) 

REVISED 

TARGET 

WEIGHT 

CURRENT 

DESIGN 

WEIGHT 

Spar 

134 

Skin 

55 

Honeycomb  Core 

29 

Leading  Edge  Balande  Weight 

• 

63 

Erosion  Strip 

7 

Tip  Fitting 

10 

Root  Retention  Fitting 

70 

Trailing  Edge  Wedge 

1 

Pressure  Shell 

4 

Total  Blade 

480 

370 

373 

Total  Rotor 

1440 

1110 

1119 

Total  Aircraft 


2880 


2220 


2238 


8 .  SURVIVABILITY 


A  survivability  analysis  was  not  a  part  of  the  basic  contract  but 
the  following  aspects  of  design  and  material  choice  contribute  to 
survivability: 

a.  Fiberglass  is  not  subject  to  corrosion. 

b.  Fiberglass  is  less  notch  sensitive  than  metal. 

c.  Failures  in  fiberglass  are  less  abrupt  than  in  metal. 

d.  Elimination  of  flap  and  lead-lag  hinges  reduces  the  number 
of  critically  stressed  moving  parts. 

e.  The  high  stress  area  in  the  rotor  blade  is  limited  to  the 
flexure.  The  flexure  area  is  only  5%  of  the  total  blade 
area. 

f.  ISIS  gives  indication  of  cracking  or  punctures. 

g .  Rotor  rotation  is  chosen  to  throw  pieces  of  rotor  blade 
away  from  the  fuselage  in  an  emergency  landing  with  the 
rotor  in  the  cruise  mode. 

9.  CONCLUSIONS  AND  RECOMMENDATIONS 

a.  The  basic  rotor  design  proposed  for  the  Model  215  Prop/ 

Rotor  Aircraft  is  structurally  sound  and  within  the  weight 
target.  The  following  details  will  require  additional 
work  later : 

1.  Detail  study  of  the  third  mode  frequency  reduction  by 
stiffness  cnanges  at  30%  radius 

2.  Increase  of  the  fatigue  margin  of  safety  at  7.5%  radius 

3.  Detail  fatigue  life  analysis  including  fatigue  damage 
caused  by  other  than  normal  flight  conditions 
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4.  Effects  of  load  interactions  on  allowable  blade 
stresses 

b.  Criteria  for  damage  tolerance  to  gunfire,  bird  and  tree 
strikes  and  loss  of  blade  sections  need  to  be  established. 

c.  De-icing  requirements  and  methods  need  to  be  established. 

d.  The  design  details  required  for  lightning  protection  of 
the  blade  must  be  established  and  included. 

e.  Redundant  solution  of  air/ground  resonance  dynamic  problems 
would  require  that  provisions  for  adding  viscous  dampers 
for  chordwise  blade  bending  be  included  in  the  design. 

Design  of  such  provisions  and  the  required  dampers  is  recom¬ 
mended  . 

f .  It  is  recommended  that  a  full-scale  blade  root  component 
be  fabricated  and  fatigue  tested  to  work  out  the  details 
of  the  inboard  blade  section  interfaces.  This  section  is 
the  critical  component  of  the  blade  design.  The  inboard 
blade  sections  introduce  unique  requirements  that  have  not 
been  included  in  previous  Boeing-Vertol  fiberglass  rotor 
blades. 
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SECTION  VII 


ROTOR” HUB  AND  CONTROLS  -DESIGN 


1.  INTRODUCTION 

In  this  section,  the  design  of  the  rotor  hub  and  rotor  controls  is 
described.  Included  in  the  design  effort  are  the  hub  assembly, 
rotor  blade  retention,  pitch  change  bearings  and  housings,  rotor 
collective  and  cyclic  pitch  control  mechanism,  spinner  and  a  des¬ 
cription  of  the  rotor  lubrication  system.  The  rotor  system  is 
hingeless;  i.e.,  the  hub  does  not  contain  flap  or  lag  hinges.  The 
upper  rotor  controls  which  provide  collective  and  cyclic  pitch  are 
mounted  above  thr  hub  assembly  and  are  contained  within  the  spinner. 
Tne  weight  of  the  rotor  hub  assembly  per  aircraft  is  1,632  pounds 
versus  a  target  weight  of  2,576  pounds.  The  weight  of  the  upper 
rotor  controls  is  2,442  pounds  versus  a  target  weight  of  2,367 
pounds . 

2.  OBJECTIVE 

Design  the  rotor  hub  and  rotor  control  systems  in  sufficient  detail 
to  establish  the  hub  and  control  assembly  geometry  and  envelope  and 
to  verify  weight  predictions. 

3.  DESIGN  CRITERIA 

The  rotor  hub  is  an  integral  part  of  the  rotor  system  and  the  de¬ 
sign  load  criteria  for  the  rotor  blade  in  Section  VI  shall  be  ap¬ 
plicable  . 

Collective  and  bi-cvclic  pitch  control  together  with  full  feather- 


VII-1 


ing  shall  be  provided. 


All  rolling  element  bearings  shall  have  an  analytical  determina¬ 
tion  of  a  B^q  life  of  3,0C''  hours. 

4.  DESCRIPTION  OF  ROTOR  HUB  ASSEMBLY 
4.1  INTRODUCTION 

The  rotor  hub  retains  three  equally  spaced  rotor  blades  and  is 
mounted  to  the  rotor  thrust  bearing.  The  hub  configuration  is 
hirigeless  and  incorporates  the  blade  pitch  bearings.  The  rotor  hub 
is  subjected  to  loads  resulting  from  rotor  blade  centrifugal  force, 
bending  moments  and  shear  forces. 

The  rotor  controls  consisting  of  the  blade  control  swashplate  as¬ 
sembly,  cyclic  and  collective  actuators  and  mechanism  linkages  are 
mounted  above  the  hub  assembly  and  are  connected  to  the  blade 
pitch  change  arm  by  pitch  links. 

A  common  oil  lubrication  system  is  provided  for  the  complete  pitch 
change  mechanism  and  swashplate  assembly. 

The  rotor  control  system  provides  primary  flight  control  of  the 
aircraft  in  the  hover  and  transition  modes.  Longitudinal  cyclic 
pitch  change  provides  aircraft  pitching  control  in  hover.  Differ¬ 
ential  rotor  collective  provides  roll  control  in  hover.  Differen¬ 
tial  longitudinal  cyclic  pitch  provides  yaw  control  in  hover. 
Collective  pitch  provides  thrust  control  in  the  hover  and  airplane 
modes.  Lateral  cyclic  pitch  provides  control  for  gust  and  maneuver 
rotor  load  alleviation  in  hover  and  airplane  modes. 
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The  complete  rotor  assembly  consisting  of  hub  and  blade  retention 
rotor  controls  and  spinner  is  illustrated  in  Figure  VII-1. 

4.2  HUB  ASSEMBLY 

The  hub  assembly  is  illustrated  in  Figure  VII-2  and  consists  of 
two  primary  structural  components,  an  outer  shell  (hub  barrel''  and 
an  inner  hub  fitting  (hub  spider) .  The  aft  or  lower  face  of  the 
hub  barrel  is  flange  mounted  to  a  nose  mount  bearing  (tapered 
roller  thrust  bearing)  carried  in  the  transmission  mounting  ring. 
This  arrangement  permits  rotor  thrust,  moment  and  control  loads  to 
be  carried  directly  to  the  nacelle  structure,  leaving  only  torque 
loads  to  be  transmitted  through  the  transmission  case  and  drive 
shaft. 

The  hub  barrel  incorporates  three  (needle  roller  bearing  -  supported) 
blade  pitch  shaft  housings  which  form  receptacles  for  the  field  re¬ 
movable  rotor  blade  assemblies.  Each  blade  assembly  is  retained 
in  the  hub  assembly  by  a  retention  pin.  The  retention  pin  transfers 
the  rotor  blade  centrifugal  force  from  the  tie  bar  of  the  elasto¬ 
meric  thrust  bearing  cartridge  assembly  to  the  hub  spider  fitting. 
The  pitch  shaft  housings  react  blade  shear  and  moment  loads. 

Blade  pitch  moment  is  transmitted  to  the  pitch  link  through  the 
face  spline  arrangement  on  the  inboard  end  of  the  blade  assembly. 

The  blade  root  face  spline  is  seated  into  the  blade  assembly  spline 
by  tightening  the  blade  pitch  shaft  housing  nut.  This  arrangement 
provides  a  fail-safe  feature  in  that  with  failure  of  any  centri¬ 
fugal  force  reacting  member  except  the  blade  retention  fitting,  the 
picch  arm  flange  will  react  the  centrifugal  force  through  the  pitch 
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shaft  housing.  ISIS  will  be  incorporated  to  provide  crack  detec¬ 
tion  for  the  blade  retention  fitting. 

The  hub  spider  fitting  incorporates  a  bearing  which  provides  the 
primary  support  and  location  point  for  the  nonrotating  controls 
support  tube. 

4.3  ROTOR  CONTROLS 

The  prop/rotor  control  system  (upper  controls)  consists  of  a  swash- 
plate  assembly,  lateral  and  longitudinal  cyclic  control  mechanisms, 
and  actuator  system.  Figures  VII-3,  VII-4  and  VII-5  illustrate 
the  design  details  respectively. 

4.3.1  Swashplate  Assembly 

Blade  pitch  change  is  accomplished  through  a  hydraulically  actuated 
helicopter-type  control  swashplate  assembly  which  transmits  the 
blade  pitch  change  through  pitch  links  to  the  blade  pitch  shaft. 
Bi-cyclic  pitch  link  motion  requirements  are  accommodated  by  the 
use  of  a  jitch  link  with  an  integral  spherical  end  bearing  at  the 
swashplate  end  and  a  conventional  rod  end  bearing  at  the  pitch  arm 
end.  Blade  tracking  adjustment  is  accomplished  through  the  pitch 
link  spherical  end  bearing. 

The  swashplate  assembly  is  gimbal  (spherical  bearing)  supported  on 
a  translating  controls  support  tube.  This  tube  forms  the  primary 
structural  component  of  the  actuation  package  which,  in  addition 
to  supporting  the  swashplate,  houses  the  hydraulic  cyclic  and  col¬ 
lective  actuators  and  supports  the  linkage  mechanisms  which  control 
swashplate  tilt  (cyclic  pitch  change)  .  The  swashplate  rotating 
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outer  ring  is  driven  by  the  rotating  hub  through  a  drive  plate  and 
a  follower  unit  (slipper  assembly) . 

4.3.2  Rotor  Control  Actuators 

The  actuator  system  is  contained  inside  the  hub  and  the  transmis¬ 
sion.  Control  moment  forces  are  reacted  by  the  forward  support 
bearing  and  a  steady  mount  at  the  aft  face  of  the  transmission. 

The  control  support  thrust  bearing  transfers  only  shear  and  torque 
reaction  forces  to  the  transmission  end  cover  through  a  spline. 

The  hydraulic  dual  tandem  collective  and  cvclic  actuators  are  of  a 
design  having  a  fixed  housing  and  a  moving  piston  assembly.  The 
actuators  are  powered  by  two  independent  3,000  PSI  hydraulic  sys¬ 
tems.  Dual  mechanical  load  paths  are  provided  for  each  actuator. 

The  aft  end  piece  threaded  to  the  collective  actuator  housing  com¬ 
prises  a  tubular  extension  which  serves  as  an  attachment  of  the 
actuator  to  the  outer  support  tube.  This  is  also  one  of  the  inter¬ 
face  elements  between  the  actuator  and  the  fluid  supply  assembly. 

The  pressure  and  return  lines  of  each  hydraulic  system  leading  to 
the  servo  valves  are  formed  by  the  drillings  in  the  walls  of  the 
piston  rods  of  each  actuator.  The  servo  valves  of  each  actuator 
are  of  tandem  jam-proof  design  and  are  located  inside  each  respec¬ 
tive  piston  rod  and  concentric  with  the  actuator  centerline.  The 
primary  spool  of  the  collective  actuator  servo  valve  is  of  a  tubu¬ 
lar  form  to  provide  a  passage  inside  the  collective  actuator  for 
the  cyclic  actuator  control  input  tubes.  Control  passages  from 
the  valves  to  the  cylinders  are  also  drilled  in  the  piston  rods. 


/ 
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Fluid  connections  from  both  hydraulic  systems  are  extended  to  the 
cyclic  actuator  fluid  passages  in  the  piston  rods  through  tele¬ 
scopic  connections . 

The  forward  end  of  the  collective  actuator  piston  rod  is  attached 
to  a  self -alignment  piece  having  spherical  surfaces  held  by  the  cor¬ 
responding  surtac£.s  formed  in  a  special  cylinder  aft  end.  The  for¬ 
ward  end  of  the  -ylinder  is  fixed  to  the  swashplate  guide  cube. 

The  cylinder  also  contains  the  two-part  cyclic  actuator  housings. 

The  forward  ends  of  the  cyclic  actuator  piston  rods  are  connected 
to  collars  with  trunnions  holding  the  swashplate  tilting  links. 


4.4  LUBRICATION 

Lubrication  of  the  pitch  shaft  bearings  is  accomplished  through 
centrifugal  action  on  the  oil  accumulation  in  the  hub  barrel.  The 
entire  hub  barrel  is  filled  with  oil  to  provide  lubrication  for  the 
upper  controls. 

All  metal  bearings  are  oil  lubricated  and  the  complete  pitch  change 
mechanism,  swashplate  assembly  and  blade  retention  system  are 
totally  enclosed  by  an  oil  closure  which  also  serves  as  a  rotating 
oil  sump.  While  rotating,  oil  is  continually  supplied  to  the  upper 
controls  through  a  ram  tube  which  extends  from  the  stationary 
longitudinal  cyclic  control  mechanism  support  member  to  the  annular 
oil  sump  of  the  rotating  system.  A  centrifugal  pressure  head  is 
generated  and  the  oil  is  ported  into  a  central  oil  gallery  which 
distributes  the  oil  to  the  bearing  reservoirs.  These  reservoirs 
or  dams  are  provided  at  all  rolling  element  bearings  in  order  to 


VII-18 


provide  a  "safe"  oil  supply  for  startup  and  loss  of  sump  oil  through 
seal  failure  or  gunfire  damage.  The  reservoirs  are  designed  to 
hold,  in  either  the  cruise  or  hover  mode,  that  amount  of  oil  re¬ 
quired  to  sustair  the  respective  bearing  in  the  case  of  an  oil  sys¬ 
tem  failure  during  a  mission. 

Lubrication  of  the  cyclic  pitch  change  mechanism  is  accomplished 
through  a  rotating  spray  head.  Oil  is  supplied  to  this  spray  head 
from  an  oil  line  coming  from  the  oil  lubrication  pump^  through  the 
center  of  the  actuation  package. 

4.5  SPINNER  ASSEMBLY 

The  aerodynamic  spinner  is  designed  in  three  sections.  The  forward 
sections  are  readily  removable  to  provide  access  to  the  rotor  sys¬ 
tem.  The  aft  section  of  the  spinner  is  removable  for  maintenance 
and  inspection  of  the  hub  assembly.  The  spinner  shells  are  of  alum¬ 
inum  construction.  Details  of  the  spii.ner  design  are  shown  in 
Figure  VII-1. 

Electrical  power  is  carried  forward  by  a  pancake-type  s^ipring  and 
brush  block  assembly  for  blade  de-icing.  Blade  de-icing  electrical 
power  is  carried  through  a  multibrush  drum  type  slipring  mounted 
on  the  movable  pitch  shaft  housing .  The  two  brush  block  assemblies 
are  fixed  to  the  hub  barrel  against  rotation  but  are  free  to  trans¬ 
late  axially  with  elastomeric  bearing  deflection  of  the  blade 
assembly  and  slipring  translation. 


5.  STRUCTURAL  ANALYSIS 


5 . 1  INTRODUCTION 

Ultimate  and  fatigue  stress  analyses  of  primary  load  carrying  sec¬ 
tions  of  the  rotor  hub  assembly  are  performed  to  establish  materi¬ 
als  and  sizes  for  a  detailed  weight  analysis.  The  compone:  ts 
include  the  hub  barrel,  hub  spider,  tie  bar,  blade  retention  and 
socket  fittings  and  the  pitch  change  bearings.  Calculated  minimum 
margins  of  safety  are  shown  in  Table  VII-1.  These  values  show  the 
design  to  be  adequate. 

5.2  DESIGN  LOADS 

The  hub  design  loads  are  calculated  for  the  criteria  used  for  the 
blade  analysis  in  Section  VI.  Hub  forces  are  contained  in  Table 
VII-2.  Blade  loads  at  blade  station  7.5%  are  contained  in  Table 
VII-3 . 

5.3  STRESS  ANALYSIS  OF  BLADE  RETENTION 

5.3.1  Blade  Retention  Components 

The  primary  members  of  the  blade  retention  system  are  the  reten¬ 
tion  fitting  and  socket  which  are  an  integral  part  of  the  blade 
spar  root,  the  elastomeric  bearing  and  the  tie  bar.  The  design 
loads  for  the  blade  retention  system  are  contained  in  Table  VII-4. 

5.3.2  Blade  Root  Assembly  C.F.  Stress 

The  distribution  of  pressure  in  the  spar  and  retention  fitting  and 
the  stress  due  to  centrifugal  force  are  presented  in  Figures  VII-6, 
VII-7  and  VII-8. 
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TABLE  VII -1 


ROTOR  HUB  ASSEMBLY  MINIMUM  MARGINS  OF  SAFETY 


COMPONENT 

M.S. 

Spar 

.54 

Root  Retention 

1.10 

Elastomeric  Bearing 

.13 

Tie  Bar 

.06 

Hub  Mounting  -  Bolts 

.04 

Hub  Mounting  -  Flange 

.07 

Spider  Fitting 

.56 

Blade  Retention  Lug 

.10 

Blade  Retention  Pin 

.18 
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TABLE  VI 1-2 


FUR  FORCES 


FATIGUE  CONDITION 

MAXIMUM 

CYCLIC  CONDITION 

2 . 5g 

VERTICAL  TAKEOFF 

Fx 

2605  lb 

8685  lb 

2318  lb 

fy 

326  lb 

1086  lb 

290  lb 

Fz 

34,180  lb 

34,180  lb 

85,450  lb 

Mx 

294,489  in-lb 

981,630  in-lb 

262,045  in-lb 

My 

793,031  in- lb 

2,643,436  in-lb 

705,663  in-lb 

MZ 

1,136,300  in-lb 

1,136,300  in-lb 

1,136,300  in-lb 

I, on  (Ip  : 

* 

Fx  =  Hub  Force  along  x  7v>:  i  s 

Fy  -  Hub  Force  along  y  Axis 

Fz  “  Hub  Force  along  z  Axis 

M>:  Moment  about  x  axis  (ro 

My  -  Moment,  about  y  axis  (pi. 

M„  Moment  about  z  axis  (vcT 
/■* 
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TABLE  VI I -3 


BLADE  LOADS  AT  7.5%  RADIUS 


FATIGUE  CONDITION 

MAXIMUM 

CYCLIC  CONDITION 

2 . 5g 

VERTICAL  TAKEOFF 

vx 

889 

889 

2223 

vz 

11064 

11064 

27660 

MX 

617800 

617800 

1544500 

My 

-21290 

-21290 

-53225 

MZ 

-5630 

-5630 

-14075 

CF 

105200* 

164375** 

164375** 

vx 

2224 

7414 

1979 

vz 

6756 

22518  | 

6012 

MX 

387512 

1291707 

344885 

My 

42645 

142151 

37954 

MZ 

135818 

452727 

120878 

*  Normal  Rotor  Speed 

**  Limit  Rotor  Speed 


TABLE  VI I -4 


Fatigue  Condition: 

* 

M  =  581,191  +  410,624  in-lbs 

K  — 

VR  =  10,787  +  7,112  lbs 
My  =  21,290  +  42,645  in-lbs 
CF  =  105,200  lbs 


Ultimate  Condition: 

Mr  =  2,941,754  in-lbs 
VR  =  51,890  lbs 
My  =  245,161  in-lbs 
CF  =  246,563  lbs 


VII-24 


S 


5.3.3  Blade  Root  Asbembly  Socket  Analysis 

The  internal  reacting  load  distribution  to  the  blade  root  reten¬ 
tion  fitting  and  socket  is  analyzed  by  the  "socket  analyses"  ap¬ 
proach  described  in  Lockheed  Stress  Memo  number  41a. 

?  j 


VR 

= 

10787  +  7112  lbs 

vR 

= 

51890  lbs 

mr 

= 

581191  +  410624  in-lbs 

mr 

= 

2941754  in-lbs 

VL 

= 

7112  (11.65)  =  .202 

VL 

= 

51890  (11.65) 

M 

410^24 

"FT 

1795000 

K1 

= 

6.80 

K1 

= 

6.80 

K2 

= 

6.40 

k2 

= 

6.40 

Ka 

= 

.48 

Ka 

s 

.48 

KS 

= 

1.55 

KS 

ss 

1.55 

km 

= 

1.00 

kM 

ss 

1.00 

r 


Fatigu"1  Analysis; 

W-l  =  KjM  =  6.80  (581191  +  410624) 

L2  (11. 65)2 

V1  =  29000  +  20500  lbs/in 

W 2  =  (6.40/6.80)  (29000  +  20500) 

W2  =  27300  +  19250  lbs/in 


vMax  =  1.55  (581191  +  410624) 

11.65 

MMAX  =  1-00  (581191  +  410624) 

Ultimate  Analysis; 

W1  =  6-8Q  (2941754) 

(11.65)2 

W2  =  (6.40/6.80)  (146500) 

Vmay  =  1-55  (2941754) 

11.65 

MMAX  =  i.OO  (2941754) 


VMAX  =  77500  +  54700  PSI 
mMAX  =  581191  +  410624  in-lbs 

Wj  =  146500  lbs/in 
W 2  ■  137500  lbs/in 

VMAX  =  380000  lbs 
Mj^jj  “  2941754  lbs 
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5.3.4  Spar  Root  Stresses 


Ultimate  Spar  Stresses  Due  to  ^nd  W2: 


Block  Compression  stresses: 

a  =  W  (block  compression) 
2R 


Wx  =  146500  lbs/in 
W2  =  137500  lbs/in 
a  =  5.55" 
b  *  6.10" 


at  .075%R: 

o„  -  146500  =  18900  PSI 

c  2TTTW 

at  . 030%R: 

o„  =  137500  =  20300  PSI 
c  TUTJti) 

Hoop  Stress  Due  to  CF: 
oc  =  8950  PSI  at  ,075%R 


18900 


18900 


/ 

/ 

! 

/ 


oc  =  0  at  -,0:;0%F.  (contact  separation) 


°TOTAL  “  ^®^0  +  8950  =  27850  PSI  at  .075%R  (conservative) 
Feu  =  4 3000 PSI  (XP251S  @  90°) 


MS  «=  43000  -1  =  .54 

TTttS 
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Spar  Root  Shear  Stresses; 


Blade  Root  Retention  Fitting 


1002S  X-Ply  Fiberglass 


XP251S  Unidirectional  Fiberglass 


—  Blade  Root  Socket  Fitting 


Shear  Stresser  Due  to  Vertical  Shear: 


q  =  VE  f  ydA 
EEI  J 


for  circular  sections: 


Q  - 


Jo  R2tcos$d$ 


[R2tsin<j>] 


ir/2 

o 


Q  =  R2t 


Max.  Shear  Stress 


t  =  VEQ  =  VER2 
tEEI  EEI 
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Fatigue  Stresses 
Spar : 

t  =  (77500  +  54700) (1.59) (3. 70) 2 
- - - 

! 

j 

=  577  +  410  PSI 
FSel  =  6300  PSI 


MS  =  6300  -1  -  Ample 


Root  Retention: 

t  =  (77500  +  54700)  (16.0)  (4. 25)  2 

- zm - 

=  7700  +  5400  PSI 

Frpt  *  20000  =  115C0  PSI  (Titanium) 


MS  =  11500  -1  =  1.12 


r 


VII-32 


Ultimate  Stresses 


Spar : 


=  380000  (1.59) (3.70) 2 
- - 


=  2820  PSI 
Fsu  =  36000  PSI 


MS  =  36000  -1  ■  Ample 

“7570 


Root  Retention: 

t  =  (380000)  (16)  (4 . 25)  2 
2961 

*  37800  PSI 
Fsu  =  80000  PSI 


MS  =  80000  -1  ■  1.10 

775OT 
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5.3.5  Elastomeric  Bearing  Analysis 

The  elastomeric  bearing  is  sized  by  an  approach  developed  by  the 
Marlin  Rockwell  Division  of  TRW,  Inc.  The  calculation  steps  are 
presented  below.  A  stress  analysis  of  the  bearing  threaded  end 
fittings  is  also  included. 


2.45  R 

_L_ 


2.10" 


.75  R 


a.  Area  of  Annulus: 

A  =  .7854  (Dc2  -  De2) 

.7854  (4.902  -  1.502) 


A  =  17.09  in2 


b.  Limit  Load  Capacity: 


C.  =  10000  A 

x 

=  10000  (17.09) 


Cx  =  170900  lbs 
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c.  Ultimate  Load: 


C1  =  15000  A 


=  15000  (17.09) 


d.  Elasto  Length: 


Cx  =  256350  lbs 


(1)  Lt 


(Cruise  Coll.  Angle)  (D^  Clrcum.) 
(Shear  Strain)  (360°) 


=  (57°  -  12°)  fa)  (4.90)  =  1.54" 


(2)  L 


(Hover  Coll.  +  Cyclic  Angle)  (D0  Circum.) 
(Shear  Strain  Fatigue)  (356) 


=  (12+3.54)  (*)  (4.90)  =  1.34' 


lEL _  _  1.54  =  769  (No,  of  Elasto  Elements) 

t-ELASTO  ELEM  *002 


f.  No.  Metal  Lamina  -•  769  -  1  -■  768 


9  •  kjJET  “  ^-MET  ELEM  ^  No  •  Metal  Lam 


=  .002  (768)  =  1.54’ 


LBRG  =  ^EL  +  LMET  “  1.54+1.54  =  3.08“ 
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Custom  455) 


The  tie  bar  is  analyzed  for  C.F.  loading. 


Ftu  =  240000  PSI 

F  =  128000  PSI 
su 


Abr  -  Dt  «  1.25  (.50) 

Abr  =  .625  in2 

At  =  (W-D)t  -  (2.60  -  1.25)  (, 50) 
At  =  .675  in2 

Tension  Across  Net  Section 

^tu  =  KlFtuAt  (Ki  =  .96) 

=  (.96(240000)  (.675)  j  (2) 

Ptu  =  310000  lbs 


1.16 

T 

Lug  Analysis 
D  =  1.25" 

W  =  2.60" 

t  =  .50" 

p  =  2.34  (104919)  =  246000  lbs 

W/D  =  2.60/1.25  =2.08 
a/D  =  1.30/1.25  =  1.04 
D/t  =  1.25/. 50  «  2.50 


MS  =  310000  -1  =  .26 
246563 
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PBRU  “  KUR  ABR  Ftux  'KBR  “  ,9°) 

=  [(.90) (.625) (240000) ] 2 

PBRU  =  261000  lbs 

MS  =  261000  -1  =  .06 

Tension  in  Sect,  (l)  ~  (T)  : 

A  =  3,14  (T75?f2)  =  1.77  in.2 
4 

P  «  246563  lbs 

f.t  =  246563  =  139500  PS3C 
1.77 

MS  =  240000  -1  =  .72 
139500 

Tension  in  Sect.  (2)  -  Q)  s 
A  =  3.14  (ITT?2  )  =  1.06  in2 

~r~ 

ft-  =  246563  =  232000  PSI 
'  T7W 

MS  =  240000  -1  *  +.08 

OT7 
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5.3.7  Blade  Root  Torsion  Reaction 


The  torque  resisting  capability  of  the  blade  retention  fitting 
can  be  accomplished  by  the  combined  or  separate  actions  of  the 
following  restraining  elements: 

a.  Spline  embedded  in  tho  spar  (primary  source) 

b .  Bond 

c.  Friction  due  to  radial  pressure 

Each  of  the  above  have  been  analyzed  separately  for  the  fatigue 
and  ultimate  loading  arising  from  hover  flight  with  cyclic  control. 


Torque  Resisting  Capability: 


Loads  -  Hover  Condition: 


Fatigue  Loads  (3.54°  Cyclic  Input) 
=  21290  +  42645  in-lbs 

Ultimate  Loads  (Max.  Cyclic  Cond.) 
My  =  245161  in-lbs 

Torque  Reactions  -  Spline  Action: 


Section  A  -  A 
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P  *  .0108  T 


f„  =  P  =  . 0108T 

A  .10(5.907 

fc  =  .0183  T 


Fatigue  Analysis: 

My  =  21290  +  42645  in-lbs 

f„  =  .0183  (21290  +  42645)  =  390  +  730  PSI 

R  =  .10;  Fel  =  1750  PSI 

MS  =  1750  -1  -  1.25 

“7TO 
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Ultimate  Analysis: 


T  =  24. '3161  in-lbs 

fc  =  .0108  (245161)  *  2650  PSI 

Fcu  =  3500  PSI 


MS  *  Ample 

NOTE:  Shear  in  titanium  spline  is  adequate  by 
inspection 


Torque  Resisted  by  Bond  and  Frictional  Force: 

The  above  analysis  considers  torque  restraint  by  mechani¬ 
cal  action  without  the  contributions  due  to  bond  and 


frictional  force.  These  will 
Bond  Capability: 


Bond  Strength: 

Fs0  =  2920  PSI  (ult.) 

FSel  «  .10  (2920)  -  292  PSI 


now  be  considered  separately: 

Bond  Area: 

A  =  2tr  [5R^  +  "5 . 2Rg  +«6.5Rc  +  6.7RE] 
=  6.28  [5(3.2)  +  5.2(2  1)  + 

6.5  (3.6)  +  6.7  (2.3)] 

A  -  4.5  in2 

RMEAN  “  1/4  t3-2  +  2-1  +  3-6  +  2-3l 

^MEAN  *  2‘8" 
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q  =  T  =  T _  =  _ 

^A  2  (it)  ^ ^ME AN ^  ^  8.28 

q  =  .0203  T 

t  =  _2_  where  Leq  =  ^BOND  = 

Leq  2xr  PMEAN 

Leq  -  23.6" 


t  =  . 0203T 

13TT" 


t  =  . 00086T 


Fatigue  Analysis: 

t  =  .00086  v 21290  +  42645) 

=18+36  PSI 

MS  -  292  -1  = 
“36 


Ultimate  Analysis: 

t  =  .00086  (243161) 


T278T2 


415 

6 . 28  [2.8) 


Ample 


210  PSI 


MS  =  29?0  -1 


Ample 


Torque  Capability  -  Spline  Action 


Fatigue  Loading: 

Fel  =  ±  1750  PSI 

T  =  Fc  =  +  1750 

.0183  .0183 


T  =  +  95500  in-lbs 


Ultimate  Loading: 

Fcu  =  35000  PSI 

T  =  35000  (95500) 
3750 


T  *  1910000  in~lbs 


Bond  Action: 


Fatigue  Loading: 

FSel  =  ±  292  PSI 

T  =  292  +  340000  in-lbs 

Ultimate  Loading: 


T 


2920  (340000) 


T 


3400000  in-lbs 


Friction  Capability: 


Hoop  Pressure: 

Pi  =  2070  PSI 

(Fatigue) 

Pi  -  4820  PSI 

(Ultimate) 


Allowable  Torque  To: 

To  =  2A  q  L  where  q  =  uP  (y  =  .20) 
=  2 (it)  (2 . 3)  2  (6.7)  ( .20)Pi 

To  «*  45  Pi 


Fatigue  Analysis: 

To  =  45  (2070)  =  93000  in-lbs  (allowable) 

T  =  21290  +  42645  in-lbs 

MS  -  1.19 


Ultimate  Analysis: 

To  =  45  (4820)  =  216000  in-lbs 

T  =  245161  in-lbs 

MS  *  216  -1  -  -.12 

STS 
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5.4.1  Introduction 

These  structural  analyses  have  been  performed  to  determine  the 
size  of  the  pitch  change  bearings,  hub  mounting  bolts  and  flange, 
hub  spider  fitting  and  the  blade  retention  pin  and  lugs. 

5.4.2  Pitch  Change  Bearing  Analysis 


The  fatigue  and  ultimate  analyses  of  the  pitch  change  bearing 
are  performed  by  the  Bearing  Manufacturer  Association  methods. 


10.05" 


10787  +  7112  lbs. 

581191  +  410624  In. -Ibs. 

1.59  (10787  +  7112)  +  .0995 

(581191  +  410624) 

74900  +  52100  Ibs. 

(74900  +  52100)  -  (10787  +  7112) 

64113  +  44988  Ibs. 
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Bearing  Reactions 

It  is  conservatively  assumed  that  VR  is  vector ially  perpendicular 
to  Mr.  -® 


R0  =  16  VR  +  Mr  T 

10.05  ~  _ 

R0  =  1.59  VR  +  .0995  %  ^—10' 

-m- 

Ri  =  R0  -  VR  jRi 

Fatigue  Loading  for  Hover  Condition  (3.54°  Cyclic 


5.95J 


Fatigue  Loading  for  Cruise  Condition 


VR  =  6250  lbs. 

Mr  *  487500  In. -Lbs. 

R0  «  1.59  (6250)  +  .0995  (487500) 

Rq  =  58440  Lbs. 

R±  =  58440  -  6250 
Ri  =  52190  Lbs. 

Ultimate  Loading 
VR  «  51890  Lbs. 

Mn  =  2941754  In .-Lbs. 

Rq  -  1.59  (51890)  +  .0995  (2941754) 

R0  =  375700  lbs. 

R^  =  375700  -  51890 
R.  =  323810  Lbs. 

l 

Equivalent  Dynamic  Loads 

Fm  “  (f3,„  +  F~j  „  +  F 3  ■■  )  1/3 

*^2^2  ^3^3 

F-^  =  constant  load  in  radial  direction 
=  rotating  load 

F3  =  radial  load  varying  sinusoidally 
Outboard  Bearing  Analysis  for  Hover  Condition 

F-l  *  74900  lbs. 

R0  =  74900  +  52100  Lbs.  F2  ■  0 

F3  -  52100  Lbs. 
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F„  F.  74900 

- 2 -  =  o  and  — - - - = _ 

F2  +  F3  f!  +  F2  +  F3  74900  +  52100 

fm  =  .70  Fm  «  .70  (74900  +  52100) 


Fm  =  89750  Lbs. 


Inboard  Bearing  Analysis  for  Hover  Condition: 


R±  -  64113  +  44988  U>s. 


F1  =  64113  Lbs. 


F3  ■  44988  Lbs. 


=  0  and 


f2  +  F3 


Fi  _  64113 

Fx  +  F2  +  Fo  64113  +  44988 


=  .60  fm  = 


Fm  =  .71  (64113  +  44988)  =  77000  Il>s. 


Mean  Cubic  Load  for  Outboard  Bearings: 


P-j^  =  89750  Lbs,  and  =  295  rpm  and  “  .  20 


P2  = 


Pm  * 


and  N2  =  207  rpm  and  1 2  =  .80 


.20  (295)  +  .80  (207) 


[207)  | 


Pm  =  69600  Lbs. 

Mean  Cubic  Load  for  Inboard  Bearings: 

p^  =  77000  Lbs,  and  =  295  rpm  and  =  . 20 

P2  =  52190  Lbs,  and  N2  =  207  rpir.  and  t2  =  .go 


P  = 
m 


3  l/3 

(77000)  (.20)  (295)  +  (52190) 3  (.80)  (207)1 

.20  (295)  +  .80  (207) 


Pm  -  60800  Lbs. 
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N 


(for  preliminary  design) 


-m 


L  -  ^ 

N 

N  =  Number  of  Rollers* 

Dn  =  L  -  S  =  .80  Cm 

N 


Inboard  Bearing 


=  .28" 


4.40 


D  =  7.80  +  8.80 
m  ——————— 

i 

Dm  =  8.30" 

Cr,  =  7TDm  “  3-14  (8.3) 

C  =  26.10 
m 

N  -  .80  Cm  ^  .80  (26.10) 


1 

2 

3 

4 

5 

6 

7 

8 


cStatic  12000  (N-3)  -  12000  (2.5)  (.28)  (75-3)  -  605000 

Cose  =  .354  Static  =  .354  (605000)  =  214000 
a  =  1.00  (60  Rockwell  "c"  scale) 
b  =  1.00  (Race  Rotation  Factor) 


c  =  1.50  (Variable  with  Light  Shock) 


d  =  1.00  (established  Design  Practice) 

£*  =  c  (a)  (b)  =  609000  (1.00)  (1.00)  =  402500 

P1  P  (c)  (d)  “  p  (1.5)  (1.00)  p 

c1  =  214000  (402500)  =  143000  (oac) 
pT  605000  p 


(Static) 
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9  ‘Per  -  B  (1  +  Dl/Dq) 

B  =  f.  (360)  =  (26.10/75)  (360)  »  .084  rad 

Dm  3.14  (8.30)  (57.3) 

=  .084  (1  +  7.80)  *  .158  rad 
8.80 

10  OAR  =  factual/ 

factual  =  3.48/57.3  =  .0607 
OAR  .0607/.  158 

OAR  =  .384 

11  Equivalent  speed  =  operating  rpm 

•Q.  =  295  rpm 

12  10  -  (214000/60800) 10/3  x  106«  3750  hours 

295  (60) 


Coac  “  243000 


3 


4 

5 

6 
7 


a  *  1.00  (60  Rockwell  "c”  scale) 

b  "  1.00  (Race  Rotation  Factor) 

c  =  1.50  (Variable  with  Light  Shock) 

d  =  1.00  (Established  Design  Practice) 

c1  -  687000  -  (402500) 
pi  605000 

c1  »  457000 

JT  p 


8  c1  (Cose)  =  243000  =  162000 

p1"  687000  p 

9  B  =  (29.80/85)  (360)  =  .0738  rad 

3.14  (9.50)  (57.3) 

^cr  =  .0738  (1  +  9/10)  =  .14  rad 
10  OAR  »  .0607/. 14 


OAR  =  .433 

11  XL  =  295  rpm 

12  Ll0  "  (243000/69600) 1Q^3  X  IQ6 

295  (60) 

L^q  55  3650  hours 
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The  hub  is  mounted  to  the  transmission  ring  by  a  multibolted 
connection.  Stress  analyses  have  been  performed  to  determine 
bolt  requirement  and  mounting  flange  t  ickness.  The  critical 
design  loads  are  for  the  ultimate  maximum  cyclic  condition. 

The  analysis  determined  the  following  bolt  requirement: 

Number  of  bolts  *  24 
Diameter  =1.0  inch 
Material  =  steel,  125000  psi  HT 
Margin  of  Safety  =  .11 

The  required  hub  mounting  flange  thickness  is  calculated  to  be  1.0 
inches.  The  analyses  are  contained  in  the  following  pages. 


Hub-Transmission  Interface 


Bolted  Joint  : 


Ultimate  Design  Loads 

Max  Cyclic  Condition  (Cyclic  11.80°) 

Px  =  8685  (1.5)  =  13077  Lbs. 

Fy  -  1086  (1.5)  -  1629  lbs. 

Fz  =  34180  (1.5)  51300  lbs. 

Mjj  »  931630  (1.3)  =  1472445  In. -Ibs. 
My  »  2643436  »  3965154  In. -Ibs. 

Mz  »  1136300  (1.5)  =  1704450  In. -Ibs. 
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Loads  at  Hub  Base 


Loads  at  Hub-Transmission  Interface 
^  -  9  Fy  =  1472445  -  9  (1629) 

M*  ■  1457784  In. -lbs 
=  My  +  9  Fx  =  3963154  +  9  (13077) 


My  =  4082847  In. -Ibs 
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Bolt  Loads : 


Mo 


too  =  plel  +  2P2e2  +  2P3e3  + . +  2Pnex 


where  f-I.  =  £-2.  =  £2.  m  £lL 
el  e2  e3  en 

p2  =  Pj6  2 
el 


pn  plen 
el 

Mq  -  Pl8l  4  2Pie~  4  2Pie3  + . +  2P^er 

el  el  el 


Mo  =£l 
el 


2 

el 


2^2 


2e3 


_  2 
+  2en 

J 
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1.00 


11.00 


22.00 


.9659 


10.61 


21.61 


.8660 


9.51 


20.51 


.7071 


7.78 


18.78 


.5000 


5.50 


16 . 10 


.2588 


2.85 


13.85 


-.9659 


-10.61 


-1.000 


-11.00 


r  +  r  cos 


11  inches 


r 

22  L 


484  +  2  (2406  -  484) 


Mq  -  65  PX 
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11.00 


-.2588 


-2.85 


8.15 


-.5000 


-5.50 


5.50 


-.7071 


-7.78 


3.22 


10.3 


-.8660 


-9.51 


1.49 


Max  Bo.1 1  Axial  Load: 


Px  =  2140  +  22200  +  31400 


Pi  =  55740# 


P7  ^  2140  +  62800  +  11100 


P?  =  76040# 


Bolt  Dia  =  1"  (HT  125000  psi) 

PALL  =  79100  lb  (MIL-H ' NDBK-5) 


Bolt  Shears; 

Due  to  Fx: 

p  =  13077  _  545  lb 

24 

Due  to  Fy : 

p  =  1629  =  65  lb 
24 


Due  to  Mz: 


1704450  =  6440  lb 

(22) (12) 
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Bolt  Loading  -  Interface; 


PSHEAR  =  545  +  65  +  6440  =  7050  lb  (conservative) 


Combined  Loading  Evaluation: 

=  .0725 

=  .960 

- -  -1 

MS  =  -v/l  2 
Vr(  +  rj 

V ( .0725)2  +  ( .960) 2 


=  £s  = 
PALL 


7050 


98200 


.  =  *t  _  II 


76040 

79j.00 


MS  =  .04 
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The  primary  structural  function  of  the  hub  spider  fitting  is  to 
react  the  blade  centrifugal  force  and  to  transfer  the  hub  offset 
to  the  hub  barrel.  The  spider  fitting  material  is  titanium.  Stress 
analyses  ace  performed  to  determine  (a)  the  size  and  number  of  bolts 
required  to  attach  the  spider  to  the  hub  barrel,  (b)  the  spider  wall 
thicknesses,  (c)  the  size  of  the  spider  blade  retention  lugs  and 
retention  pin.  The  analyses  are  contained  in  the  following  pages. 


SPIDER  FITTING 


No.  SK  215-10015 


Tq  =  3(3.75)  (246000)  =  2760000  in.  -  lb  (ult.) 


Shear  Strength; 


PQ  =  246535  lb 
Tq  =  11.25  (246535 
q  =  .0605  (246535) 

L  =  5  =  80000  rjsi 

1  14900 

creq'd  =  80000 

Axial  Strength ; 


TT 


)  «  2760000  in. -lb 

=  14900  lb/in. 

(for  Zero  Margin) 
.186  in. 


A  =  4.4  (.85)  =  3.74  in.2 


P  =  PQ  sin  15°  -  Mj80  q 

=  246000  (.9659)  -  7.40  (14900) 


P  =  126500  lb 


O'  =  126500  =  33800  psi 

t  3.74 
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Bolts  m  Tom,*  Retention  Plate: 


Tc  =  2,760,000  in.  lb  (alt.) 


|  T0  =  2,760,000  In-Lbs 


10.58"  R 


Sect.  A-A 


Bolts  in  Shear: 


C  =  2  R  =  6.28  (10.58) 
C  =  66.5" 

Use  2"  Bolt  Spacing: 

N  =  -°6-'^  =  33.25 


(say  33) 


PbOLT  —  2760000 

2(33)  (10.58) 


P  _  3950  lb 

rBOLT  - 


pallow  =  6140  lb  (MIL-H-5) 

MS  =  -  1  =  .5 

3950  — 
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r  =  80000  psi 
r  su 


-<_  =  p  =  80000  psi  (for  Zero  Margin) 
su 


Solve  for  t: 

2760000  _ 

2(3.14) (4.65)^(80000) 


t  =  .253  in. 
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It  will  be  conservatively  assumed  that  the  flange  plate  is  clamped 
at  the  stiffners  only. 
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Interface  -  Bolted  Flange: 


76040"  i  76040" 


a  =  1.44 " 
b  =  2.88" 
L  =  5.75" 


f:A  =  %  =  72- 


W  (a2b  +  ab2) 


76040 

(5.75) 


(1.44) ^  (2,88)  +  (2 .88) ^  (1.44) 


-  41000  in.  lb 


_  6M  _  6  (41000) 

bt2  1.9  (1.0)2 


=  139000  psi 


F  =  150000  psi  (MIL  -  H'NBK-5)  (Tx  6Ab  -  4V) 


Mr  =  150000  -  1  =  .07 
139000 
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Blade  Retention  Lug; 


Lug  Analysis: 

D  =  1.25  &  a  = 

W  =  2.30 

t  =  1.00 

P  =  145000  lb 

W  ,D 
a/D 
D/t 


2.30/1.25 

1.15/1.25 

1.25/1.00 


Abr  =  Dt  =  1.25  (1.00)  =  1.25  in.2 

At  =  (W-D)  t  =  (2.30  -  1.25)  (1.00)  =  1.05  in.2 

Tension  Across  Net  Section : 

Ptu  =  K1  Ftu  At  =  *97  ( 160000)  (1.05)  =  163000  lb 
Bearing: 

Pbru  =  KBr  ^br  Ftux  =  ‘80  (16000°)  (1*25>  =  160000  lb 

MS  =  (160/145)-! 


Shear  in  Pin 


D  =  1" 

P shear  =  *50P'  =  *5°  ( 145000 )  =  -72500  lb 

A  =  .7854  (D)2  =  .7854 

72500  =  92500  psi 

.7854 

for  Steel  Hm  =  18000pt 

p  =  109000  psi 
r  su  - c — ■ 


Ms  = 


109000 

92500 


-  ]  -  .18 


Bending  in  the  Pin; 


M 

B 


=  O’  =  li50gQ.,-Cr.lg.2i,  =  1300  in.  lb 
2  2 

=  Me  _  13000  (.50)  _  132500  psi 

I  .0491 


Ftu  =1.5  (180000)  =  270000  psi 


(Bending  Modulus  of  Rupture) 


Ms 


270000 

132500 


1.04 
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5.5  ROTOR  CONTROL  SYSTEM  STRESS  ANALYSIS 


The  structural  design  of  helicopter  upper  rotor  control  systems 
is  generally  controlled  by  fatigue  loads  in  high  speed  forward 
flight.  The  present  tilt  rotor  control  system  is  based  on  this 
experience.  It  is  predicted,  however,  that  the  critical  fatigue 
design  loads  will  be  those  caused  by  stall  flutter  in  the  hover 
mode.  A  detailed  load  and  stress  analysis  of  the  upper,  rotor 
control  system  will  be  performed  based  on  loads  for  this  condition 
to  be  measured  during  the  Phase  III  wind  tunnel  tests  of  the 
dynamic  model  rotor. 

5.6  MATERIAL  SELECTION 

5.6.1  Hub  Assembly 

The  major  components  of  the  hub  assembly  which  include  the  hub 
barrel,  spider  fitting,  pitch  arm,  blade  socket  and  retention  fitting 
are  designed  of  titanium  alloy  6AL-4V.  The  pitch  housing  which 
seats  the  pitch  change  bearings  is  designed  of  steel  alloy  4340. 

Where  high  strength  is  required  and  component  size  is  limiting,  such 
as  for  the  tie  bar  and  retention  pin,  high  strength  steel  is  specified. 

5.6.2  Rotor  Controls 

The  control  system  design  uses  titanium  alloy  6AI/-4V  for  the  stationary 
and  rotating  swashplat.e  rings.  Where  high  stiffness  is  required  in  the 
cyclic  control  mechanism  steel  alloy  4340  is  used. 


6 .  WEIGHT  ANALYSIS 


6.1  HUB  ASSEMBLY 

Similarly,  to  the  blade,  the  hub  target  weight  was  high  due  to  the 
procedure  used  in  VASCOMP.  Table  VII-5  is  a  summary  of  the  hub 
weight  breakdown  and  shows  the  original  and  revised  target  weights. 

The  weights  were  calculated  in  detail  from  the  data  presented  in 
Paragraphs  4  and  5  of  this  section.  The  basic  material  is  titanium 
with  steel  as  required.  The  spinner  weight  is  for  that  part  which 
is  removable  from  the  controls  cover. 


6.2  ROTOR  CONTROLS 

The  weights  of  the  upper  rotor  controls  were  calculated  in  detail 
from  the  data  as  presented  in  Parts  4  and  5  of  this  section.  Table 
VII-6  is  a  summary  of  these  weights.  Rotating  controls  are  those 
which  rotate  with  the  hub  and  include  the  rotating  outer  ring  of 
the  swashplate,  blade  tracking  adjustment  mechanism  bearings,  arms 
and  balance  weight.  The  fixed  controls  are  those  which  do  not 
rotate  with  the  hub  and  include  the  swashplate,  gimbals,  links, 
fittings,  etc.  The  support  weight  consists  of  the  actuator  support 
tube  and  its  support.  Three  actuators,  collective,  pitch  cyclic 
and  lateral  cyclic,  are  designed  into  one  long  unit  which  is 
housed  inside  the  control  actuator  tube  mentioned  above.  Lubrication 
includes  the  oil  sumps,  casing  and  oil. 
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TABLE  VI I- 6 


WEIGHT  SUMMARY 
UPPER  ROTOR  CONTROLS 


TARGET 

CURRENT 

Rotating  Controls 

(185) 

Outer  Swashplate  Ring 

39 

Blade  Tracking  Adjusting  Mechanism 

64 

Balance  Weight 

5 

Bearings,  Etc. 

77 

• 

Fixed  Controls 

(210) 

Gimbals 

33 

Swashplate 

40 

Links,  Fittings,  Etc. 

137 

Supports 

(225) 

Support  Tube 

155 

Supports 

70 

Actuators 

536 

Lubrication 

65 

Total  Upper  Controls/Rotor 

1183 

1221 

Total  Upper  Controls/Aircraft 

2367 

2442 

VII -7  2 


7.  SURVIVABILITY 


A  survivability  analysis  was  not  a  part  of  the  basic  contract 

but  the  following  design  features  contribute  to  survivability: 

a.  Elimination  of  flap  and  lag  hinges  reduces  the  number  of 
critically  stressed  parts 

b.  Hub  is  mounted  to  the  transmission  lug  by  a  multi  bolt  connection 

c.  The  blade  retention  elastomeric  bearing  is  loaded  in  compression 
thus  failure  will  not  result  in  loss  of  blade  retention 

d.  Upper  control  system  is  protected  by  the  spinner,  hub  barrel 
and  the  transmission  support.  The  spinner  will  tumble  small 
calibre  bullets. 

e.  Secondary  lubrication  of  pitch  change  bearings  is  adequate  for 
return  home  if  loss  of  oil  due  to  hub  barrel  damage  occurs 

f.  Dual  rotor  control  actuators  with  dual  hydraulic  supply  are 
provided 

g.  Backup  lubrication  of  the  swashplate  is  provided 

8.  CONCLUSIONS  AND  RECOMMENDATIONS 

1.  The  basic  rotor  assembly  design  proposed  for  the  model  215  prop/ 
rotor  aircraft  is  within  the  target  weight. 

2.  The  upper  rotor  control  system  fatigue  strength  must  be  analysed 
for  blade  stall  flutter  loads  to  be  measured  during  the  Phase  III 
wind  tunnel  test  of  the  dynamic  rotor  model. 

3.  Additional  work  is  needed  to  incorporate  fail  safe  designs  and  to 
evaluate  effect  on  component  and  system  weight. 
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SECTION  VIII 


SUPPORTING  TECHNOLOGY 


1.  SUMMARY 

The  design  study  report  in  the  prior  sections  of  this  report  has 
included  consideration  of  flight  controls,  aeroelastic  stability 
and  vibration  suppression  requirements.  Control  power  requirements 
have  a  large  influence  on  the  baseline  aircraft  since  this  is  an 
airframe  design  based  on  static  strength.  In  this  section,  this 
design  is  shown  to  also  satisfy  the  requirements  of  the  other  tech¬ 
nologies  . 

Flight  control  requirements  require  minimal  stability  augmentation 
which  can  be  included  in  the  prop/rotor  cont_ol  feedback  systems 
being  provided  for  rotor  loads  alleviation.  Considerably  more  ef¬ 
fort  is  required  to  define  the  details  of  this  control  system  but 
the  impact  of  further  definition  on  the  aircraft  weight  and  com¬ 
plexity  will  be  small.  Present  definition  of  the  rotor  feedback 
control  system  to  maintain  zero  rotor  hub  moment  results  in  con¬ 
siderable  rotor  lift  loads  due  to  vertical  gusts.  This  could  re¬ 
quire  a  stronger  wing  and  needs  further  study. 

Aeroelastic  stability  analyses  show  that  the  baseline  215  aircraft 
dynamic  modes  will  be  adequately  damped  and  require  no  compromises 
from  t^e  strength  design.  Analysis  of  damaged  structural  configura¬ 
tions  shows  this  design  to  be  tolerant  of  significant  damage  even 
with  the  rotor  control  feedback  system  inoperative. 

Requirements  for  vibration  suppression  have  been  evaluated  for  the 
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most  critical  transition  flight  condition.  This  analysis  shows 
that  the  large  nacelle  mass  acts  on  the  wing  vertical  bending  spring 
to  isolate  the  fuselage  from  the  rotor  vibratory  forces.  Vibra¬ 
tion  which  reaches  the  fuselage  apparently  will  be  small  so  the 
weight  penalty  associated  with  fuselage  vibration  tuning  will  not 
be  required. 

2.  FLIGHT  CONTROL  REQUIREMENTS 

A  preliminary  stability  analysis  and  control  system  evaluation  was 
performed  of  the  Model  215  in  the  hover  and  low-speed  flight 
regimes  (helicopter  node)  for  the  purposes  of  weight  verification, 
control  system  definition  and  definition  of  areas  requiring  further 
analysis.  Although  the  stability  analysis  shows  a  need  for  a  sta¬ 
bility  augmentation  system,  there  are  no  unusual  flying  qualities 
problems. 

A  preliminary  investigation  into  the  use  of  rotor  controls  in  cruise 
as  well  as  hove*  was  favorable  and  needs  to  be  continued.  Savings 
in  control  system  weight  can  result. 

Further  work  is  required  to  continue  the  control  system  optimiza¬ 
tion  (phasing  and  mixing) ,  rotor  SAS  system  development  and  optimi¬ 
zation  and  turbulence  and  gust  alleviation  system  development., 

2.1  CRITERIA 

The  flying  qualities  criteria  to  be  applied  are  given  in  the  Pro¬ 
posed  Flying  Qualities  Specification  (Reference  VIII-1)  for  hover¬ 
ing  and  low-speed  flight,  and  MIL-8785  (Reference  VIII-2)  for  air¬ 
plane  mode  flight.  The  aircraft  is  a  Class  II  heavy,  utility/ 
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search  and  rescue  or  assault  transport  and  was  evaluated  for  cate¬ 
gory  B  flight  phases.  Considerations  are  given  to  achieve  Level  1 
flying  qualities  during  normal  operation  and  at  least  Level  3  for 
all  failure  modes.  Additional  flight  control  criteria  based  on  the 
data  of  Reference  VIII-3  will  be  used  where  applicable. 

2.2  CONTROL  SYSTEM 

2.2.1  Description 

Control  in  the  helicopter  mode  is  conventional;  i.e.,  pitch  is  con¬ 
trolled  by  longitudinal  cyclic,  roll  is  obtained  from  differential 
collective  and  yaw  control  is  through  differential  longitudinal 
cyclic. 

In  these  studies,  the  feasibility  of  utilizing  rotor  controls 
throughout  transition  and  in  the  cruise  mode  war  investigated. 

Rotor  pitch  authority  will  be  reduced  as  the  horizontal  tail  effec¬ 
tiveness  is  increased  with  increasing  speeds.  In  transition,  dif¬ 
ferential  collective  rotor  control  must  be  mixed  with  the  longi¬ 
tudinal  cyclic  pitch  and  yaw  control  to  minimize  coupling.  In  the 
cruise  mode,  differential  collective  is  used  for  yaw  control,  longi¬ 
tudinal  cyclic  fo<"  pitch  control  and  differential  longitudinal 
cyclic  for  roll  control. 

The  present  baseline  aircraft  design  includes  conventional  airplane 
control  surfaces  but  it  appears  that  these  controls  are  not  required. 

2.2.2  Control  Response  and  Power 

The  cockpit  travels  in  accordance  with  the  requirements  of  Refer¬ 
ence  VIII-6  for  the  Model  215  are  as  follows: 
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a. 

Climb  - 

+  5.0 

inches 

(collective  pitch) 

b. 

Pitch 

+7.0 

inches 

(longitudinal  cyclic  pitch) 

c . 

Yaw 

+  2.5 

inches 

(differential  longitudinal  cyclic) 

d. 

Roll 

+  3.2 

inches 

(differential  collective  pitch) 

Control  sensitivity  +ct  the  .215  compared  with  the  proposed  specifi¬ 
cations  (Reference  VIII-1)  is  shown  in  the  following  table. 

RESPONSE  TO  CONTROL  INPUT  IN  ONE  SECOND 
(Degrees/Inch) 


Level  1  Required 


Min. 

Max . 

Model  215 

Pitch 

3 

20 

3.15 

Roll 

4 

20 

4.10 

Yaw 

6 

23 

6.45 

It  can  be  seen  that  all  of  the  Level  1  requirements  for  control 
sensitivity  are  met.  Control  power  criteria  from  References  VIII-1 
and  VIII-4  are  compared  with  the  Model  215  data  on  Figures  VIII-1 
through  VIII-3.  Adequate  pitch  and  roll  control  power  and  damping 
are  provided  with  the  basic  Model  215.  Yaw  damping  needs  to  be 
provided  by  the  rotor  feedback  system. 

Response  to  collective  pitch  control  is  given  in  terms  of  rate  of 
climb  per  inch  of  control  deflection.  Level  1  flying  qualities 
specifies  100  ft/mi.i.  minimum  and  750  ft/min.  maximum  for  the  first 
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second.  Figure  VIII-4  shows  response  to  a  one-inch  collective 
pitch  input.  At  one  second,  the  rate  of  climb  is  140  ft/min.  which 
meets  the  above  requirements.  A  similar  requirement  from  Refer¬ 
ence  VIII-3,  shown  in  Figure  VIII-5,  presents  collective  control 
sensitivity  in  terms  of  pilot  rating.  The  sensitivity  of  Model 
215  is  .075  g's/in.  This  gives  a  pilot  rating  of  2.0  which  is  close 
to  the  optimum  rating. 

2.3  DYNAMIC  STABILITY 

2.3.1  Introduction 

Dynamic  stability  was  analyzed  for  hovering  and  low-speed  flight 
in  the  helicopter  mode.  Studies  included  the  use  of  the  stability 
and  control  computer  program,  Reference  VIII-5,  and  an  analog  simu¬ 
lation  of  the  rotor  control  system.  Calculations  are  for  sea  level 
conditions  for  the  unaugmented  aircraft. 

2.3.2  Stability  Derivatives 

The  static  and  dynamic  stability  derivatives  used  in  the  dynamic 
stability  analysis  for  low-speed  flight  are  summarized  in  Table 
VITI-1.  These  derivatives  are  calculated  using  the  methods  in 
Reference  VIII-5  about  the  trim  point.  The  derivatives  are  calcu¬ 
lated  for  incremental  trim  changes  after  the  rotor  is  allowed  to 
re-establish  flapping  equilibrium. 

2.3.3  Results  of  the  Stability  Analysis  in  Hover 

The  longitudinal  dynamic  stability  criteria  obtained  from  Refer¬ 
ence  VIII-1  are  shown  on  Figure  VIII-6  in  terms  of  the  allowable 
notions.  The  roots  of  the  Model  215  characteristic  equation  for 
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TABLE  VIII -1 


STABILITY  DERIVATIVES  FOR  MODEL  215  AIRCRAFT  ^ 


CG  =  410.46  In.,  W  =  67,000  Lb. 
Sea  Level,  Low-Speed  Flight 


AU 

AV 

AW 

AP 

A$ 

AR 

AX-Force/m 

-.0626 

.0017 

-.0217 

-.2263 

1.0S1 

-0.266! 

AY-Force/m 

~  0 

-.1916 

~  0 

-.8048 

-.0009 

.7002 

AZ-Force/m 

-.0154 

-.0002 

-.1197 

-1.3187 

-2.0366 

-.6849 

APitch-Moment/IyY 

0.0079 

.0001 

-.0063 

-.0678 

-.7489 

.0029 

ARoll-Moment/lxx 

-  0 

-.0004 

~  0 

-2.324 

-.0001 

.0896 

AYaw-Moment/Izz 

~  0 

-.0003 

~  0 

-.0300 

/v  0 

-.1039 

(1)  V  =  35  kts 

oCN  =  90°  (Nacelle  Tilt) 

SL  =  295  RPM 

Ijqj  =  1.02  x  10®  Slugs-Ft1^  (Roll  Inertia) 
Iyy  =  .244  x  10®  Slugs-Ft^  (Pitch  Inertia) 
Izz  =  1.1  x  10®  Slugs-Ft^  (yaw  Inertia) 
Geometrical  Data  From  Figure  1-1 
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the  pitch-heave  motion  show  two  aperiodic  roots  (heavily  damped) 
and  one  oscillatory  root  with  a  period  of  11  seconds.  Level  1 
flying  qualities  criteria  are  met. 

The  lateral  dynamic  stability  criteria  in  hovering  is  shown  in  Fig¬ 
ure  VIII-7.  The  Model  215  again  exhibits  two  heavily  damped  aperi¬ 
odic  roots  and  one  mildly  divergent  mode  with  a  period  of  34 
seconds.  Level  .1  flying  qualities  are  also  met  in  roll. 

2.3.4  Results  of  Stability  Analysis  for  Low-Speed  Flight 

The  response  requirements  of  Reference  VIII-1  to  angle  of  attack 
and  pitch  attitude  following  an  abrupt  pitch  control  input  are 
shown  in  Figure  VIII-8.  This  figure  shows  that  the  unaugmented  air¬ 
craft  in  the  helicopter  mode  at  50  kts  has  flying  qualities  approach 
ing  Level  1.  Level  1  flying  qualities  is  achieved  by  providing 
8%  damping  by  means  of  the  rotor  SAS. 

The  requirements  for  frequency,  WR,  and  damping  ratio  of  the 
lateral-directional  oscillations  following  a  disturbance  input  are 
shown  in  Figure  VIII-9  from  Reference  VIII-1.  The  unaugmented 
Model  215  meets  Level  1  flying  qualities. 

2.4  GUST  AND  TURBULENCE RESPONSE 

The  peak  angular  and  vertical  accelerations  created  by  sine-squared 
gusts  at  low  flight  speed  are  shown  in  Figure  VIII-10  and  VIII-11. 
Figure  10  shows  that  the  level  of  vertical  acceleration  is  well 
bo low  the  required  value  of  0.15. 

The  criteria  of  Reference  VIII-1  state  that  the  pilot  rating  shall 
be  3.5  for  Og  -  5  ft/sec.  for  a  PSD  gust  representation.  A  5  ft/sec 
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gust  requires  approximately  10%  of  the  available  control  power. 

This  can  easily  be  obtained  from  the  rotor  feedback  system.  Simi¬ 
larly,  the  roll  and  yaw  control  authority  required  for  a  feedback 
system  is  approximately  5%. 

Von  Karman-type  turbulence  spectra  with  intensities  for  storm  and 
nonstorm  conditions  from  Reference  VI3LI-8  were  used  to  calculate 
the  resulting  incremental  acceleration  levels  in  the  cruise  mode. 
Longitudinal,  lateral  and  vertical  turbulence  spectra  were  used  in 
terms  of  the  RMS  gust  velocities.  For  this  preliminary  calculation 
the  assumption  of  a  rigid  airframe  with  gust  velocities  effecting 
only  the  rotor  angle  of  attack  was  used.  Incremental  C.G.  accel¬ 
erations  per  unit  gust  velocity  using  the  above  assumptions  are 
shown  in  Figure  VIII-12.  This  analysis  was  extended  to  show  the 
distribution  of  the  aircraft  vertical  acceleration  shown  in  Figure 
VIII-13.  From  these  figures,  it  can  be  seen  that  the  rotor  has  a 
significant  contribution  and  can  not  be  ignored.  Further  studies 
are  required,  however,  to  determine  the  attenuating  effects  of 
rotor  elastic  flapping  and  wing  flexibility  since  these  were  not 
included  in  this  simple  analysis. 

2. 5  CONTROL  MIXING  IN  TRANSITION 

The  use  of  rotor  forces  and  moments  to  provide  roll  control  from 
hover  through  transition  was  investigated.  Control  mixing  is 
simplified  and  aileron  controls  and  the  associated  sy3tem  weight 
can  be  eliminated  if  roll  control  in  cruise  flight  mode  can  be 
accomplished  by  differential  longitudinal  cyclic.  The  rolling 
moment  generated  from  propeller  normal  force  was  calculated  by 
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using  the  methods  of  Reference  VIII-7.  As  can  be  seen  from  Figure 
14,  adequate  roll  control  power  is  available  in  hovering  and  in  the 
cruise  flight  mode.  Further  analyses  are  needed  to  investigate 
other  flight  conditions  such  as  the  transition  flight  corridor  for 
restraints  to  the  use  of  rotor  controls. 

2.6  FOWER  MANAGEMENT  SYSTEM 

The  thrust  management  system  provides  constant  speed  operation  by 
governing  rotor  blade  collective  pitch.  Due  to  the  cross  shafting, 
constant  speed  governing  in  flight  is  provided  by  a  single  governor 
controlling  the  pitch  of  both  rotors.  A  second  governor  (redundant) 
is  provided  for  fail-operational  use  at  the  pilot's  discretion 
A  system  schematic  is  shown  in  Figure  VIII-15.  The  master  governor 
provides  input  signals  to  both  rotors  for  pitch  changes.  The  re¬ 
dundant  governor  is  passive  and  is  only  brought  into  operation  in 
the  event  of  a  failure.  Overspeeding  is  prevented  by  automatic 
switching  using  an  independent  RPM  pickup  to  provide  a  monitor 
source. 

During  helicopter  operation,  governing  is  provided  by  the  engine 
fuel  controls  to  provide  constant  RPM.  The  propeller  governors 
are  locked  out  so  that  the  pilot  and  SAS  system  is  given  direct 
mechanical  blade  authority.  The  pilot  can  feed  differential  col¬ 
lective  pitch  to  each  rotor  for  roll  control  while  the  fuel  con¬ 
trol  maintains  RPM  by  increasing  or  decreasing  fuel  flow.  Power 
management  to  provide  a  balance  between  the  four  engines  involved 
requires  further  study. 
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“>.7  WING  TORSIONAL  EFFECTS 


As  has  been  shown  in  Section  VI,  control  moments  in  yaw  can  produce 
3.5°  of  wing  torsion.  During  certain  high  g  maneuvers,  the  effects 
of  wing  torsion  on  flying  qualities  and  control  must  be  considered. 
Although  no  wing  stiffness  criteria  are  specifically  mentioned  in 
Reference  VIII-2,  the  items  to  be  considered  are  as  follows: 

a.  Short  period  natural  frequency 

b.  Wing  transient  twisting 

c.  Control  coupling 

d.  Loop  stability  with  SAS 

e.  Ground  operations 

Wing  transient  twisting  causes  changes  in  wing  and  rotor  angle  of 
attaqk  which  in  turn  affect  not  only  aircraft  stability  derivatives 
but  also  flying  qualities.  Wing  twisting  also  affects  flying  quali¬ 
ties  through  damping.  The  low  sensitivity  of  the  short  period  mode 
to  wing  torsional  stiffness  is  shown  in  Figure  VIII-16. 

2.8  ROTOR  FEEDBACK  SYSTEM 

The  requirements  for  the  design  of  the  rotor  feedback  system  are 
discussed  in  Reference  1-1.  Based  on  these  requirements,  an  ana¬ 
log  computer  simulation  shown  in  Figure  VII 1-17  was  developed. 

The  analog  model  considers  the  first  rotor  flapping  mode  and  rigid 
airframe  rotational  degrees  of  freedom.  The  model  includes  an 
aircraft  rate  and  hub  moment  feedback  system. 

This  model  will  be  used  in  Phase  III  to  determine  feedback  gain 
schedules  and  mixing  of  rate  and  hub  moment  feedbacks. 
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FIGURE 


3.  AEROELASTIC  STABILITY 


An  analysis  of  the  aeroelastic  stability  of  the  baseline  Model 
215  aircraft  has  been  made  to  define  those  areas  which  could 
need  increased  stiffening  or  mass  balancing.  The  dynamic 
properties  of  Model  215  have  changed  from  the  preliminary  values 
shown  in  Table  VII-8,  Reference  1-1,  especially  in  the  areas  of 
wing  frequencies  and  rotor  blade  characteristics.  The  new 
values  developed  from  the  detailed  designs  in  this  report  are 
shown  in  .'able  VIir-2.  All  calc  ilat ions  in  this  report  are  based 
on  the  values  in  Table  VIII-2  and  supercede  those  in  Reference  1-1. 
It  was  found  that  the  baseline  aircraft  is  adequately  stable  in 
all  of  the  dynamic  modes  involved. 

3.1  WHIRL  FLUTTER 

The  aircraft  has  been  analyzed  assuming  the  rotor  feedbrck  system 
is  inoperative.  Results  shown  in  Figure  VIII-18  indicate  that  the 
aircraft  will  have  greater  than  the  required  3%  of  critical  damping 
in  all  important  flutter  and  vibration  modes  up  to  VL  (450  knots) . 
In  addition  it  is  seen  that  the  whirl  flutter  moda  does  not  go 
unstable  until  538  knots,  which  is  well  over  the  1.15  x  »  517 
knots. 
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Adequate  stability  margins  at  low  power  settings  with  the  rotor 
feedback  system  inoperative  is  shown  by  Figure  VIII-19.  The 
results  shown  supercede  the  results  appearing  in  Figure  VI1-12 
of  Reference  1-1  which  were  wrong  due  to  calculation  errors. 

Parameters  of  the  aircraft  used  in  this  analysis  are  listed 
in  Table  VIII-2.  Wing  natural  frequencies  for  the  normal 
and  damaged  wing  are  given  in  Table  VIII-3.  A  sketch  of  the 
damage  assumed  is  shown  in  Figure  VIII-20.  This  damage  would 
result  in  the  stiffness  losses  shown  in  Figure  VIII-21. 

The  analysis  of  the  M-215  wing  (using  computer  program  D-46)  was 
performed  to  obtain  the  wing-nacelle  uncoupled  frequencies  and  mode 
shapes*  These  frequencies  and  mode  shapes  along  with  rotor/nacelle 
properties  were  input  into  the  C-26  propArtiirl  program  which  deter¬ 
mines  the  stability  characteristics  of  the  system.  Several  parametric 
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AIRCRAFT  GEOMETRIC  PARAMETERS  USED  IN  PROP  WHIRL  ANALYSIS 


SYMBOL 

DESCRIPTION 

VALUE 

UNITS 

R 

Radius  of  rotor 

330. 

inches 

n 

Number  of  blades 

3. 

N.D. 

M1 

1st  moment  of  inertia  -  one  blade 

110.69 

lb -sec2 

h> 

Blade  flap  inertia  -  one  blade 

21711.0 

..  2  . 
lb  -sec  -i] 

X 

c 

Blade  cutout  to  rotor  radius 
ratio  (rc/R) 

.075 

N.D. 

@t75 

Blade  twist  at  75%  radius 

-35.5 

deg. 

Cm 

Blade  mean  chord 

36.75 

inches 

a 

Lift  slope  coefficient 

5.73 

1/rad. 

h 

Distance  between  nacelle  pivot  point 
and  center  of  rotation  of  rotor 

112.0 

inches 

Distance  between  nacelle  center-line 
and  modal  effective  wing  root 

207.5 

inches 

e 

Distance  between  nacelle  pivot  and 
rotor/nacelle  C.G. 

67.  4 

inches 

Nacelle  pitching  inertia  about  pivot 
(including  rotor  wt.  assumed  lumped 
at  C.R.) 

139570. 

lb-sec^-in 

w 

n 

Weight  of  nacelle  plus  rotor 

11097. 

lb 

-a 

Rotor  speed  -  cruise 

207 

RPM 

V 

Velocity  cruise 

350 

knots 
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TABLE  VIII-3 


UNCOUPLED  FREE-FREE  WING  MODE  NATURAL 

SYMBOL 

FREQUENCIES  OF  THE  215  AIRCRAFT 

DESCRIPTION 

VALUE 

UNITS 

wY 

Wing  Frequencies  (including  mass  of 
normal  fuel) 

Chordwise,  Normal 

2.4 

CPS 

wp 

Torsion,  Normal 

3.5 

CPS 

wv 

Vertical,  Normal 

1.4 

CPS 

WY 

Chordwise,  Damaged 

2.2 

CPS 

wp 

Torsion,  Damaged 

3.5 

CPS 

WV 

Vertical,  Damaged 

1.4 

CPS 

NOTES:  1.  Mass  of  normal  fuel  is  included  in  wing 

2.  Calculations  of  damaged  wing  frequencies 
was  based  on  projectile  penetration  at 
Station  222  in  Area  of  Front  Spar  and 
Extended  Aft  through  Forward  Torque  Box. 
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studies  were  made  including  the  varying  of  wing  pitch  and  yaw 
frequencies,  rotor  speed,  forward  speed  and  blade  pitch  angle. 

A  parametric  study  of  the  effects  of  wing  chordwise  bending  varia¬ 
tions  illustrates  the  effect  of  the  wing  damage  shown  in  Figure 
VIII-20  on  whirl  flutter.  This  damage  causes  about  a  10%  change 
in  the  wing  chordwise  bending  frequency  but  no  other  significant 
changes  as  shown  in  Table  VIII-3.  Results  of  such  a  study  are 
shown  for  a  constant  airspeed  in  Figure  VIII-22.  These  results 
show  that  the  damaged  wing  is  slightly  closer  to  the  region  of 
whirl  flutter.  Loss  in  damping  of  the  whirl  flutter  modes  has 
not  been  calculated  but  would  be  expected  to  be  small. 

3.2  AIR/GROUND  RESONANCE 

The  frequency  spectrum  of  the  three  blade  flap  modes  and  the  three 
blade  lag  modes  is  shown  as  a  function  of  rotor  speed  in  Figure 
VIII-23.  Bands  of  wing-nacelle  bending  frequencies  have  been  super¬ 
imposed  for  reference.  The  lower  frequency  boundary  of  each  band 
represents  the  cantilever  wing  frequency  and  the  upper  frequency 
boundary  and  the  free-free  symmetric  wing-nacelle  frequency.  Results 
shown  indicate  the  following: 

a.  There  is  no  coalescence  of  the  lower  blade  lag  mode  with 
any  of  the  wing  modes  over  the  operating  rotor  speed  range 
which  indicates  that  energy  will  not  be  fed  into  the 
system  and  no  instability  will  be  produced. 

b.  Near  cruise  rotor  speed  there  can  be  coupling  between  the 
upper  blade  flap  mode,  the  upper  blade  lag  mode  and  the 
wing  torsional  freedoms.  This  should  not  produce  an 
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instability,  but  could  adversely  affect  the  aircraft 
response  and  blade  loads.  This  area  needs  a  thorough 
investigation.  It  may  be  necessary  to  adjust  the  wing 
torsional  frequency  such  that  this  coupling  occurs  at  an 
RPM  further  removed  from  steady  operating  speeds. 

Ihe  baseline  design  is  believed  to  be  adequately  stable  from  air/ 
ground  resonance. 


3.3  CLASSICAL  FLUTTER 

Properly  mass  balanced  structures  are  not  prone  to  the  coupled 
vertical  bending  -  torsional  oscillations  of  classical  flutter. 

Thp  wing  analysis  shows  freedom  from  such  flutter  to  speeds  in 
excess  of  600  knots. 

The  rotor  blade  was  found,  by  conservative  calculations,  to  be 
free  of  classical  flutter  at  all  rotor  speeds  up  to  1.25  times 
the  design  speed  for  all  aircraft  speeds  up  to  1.15  the  maximum 
aircraft  speed. 

3.4  STALL  FLUTTER 

The  rotor  blades  of  a  tilt  rotor  aircraft  are  susceptable  to  stall 
flutter  in  near  hover  flight.  Prediction  of  this  phenomena  is 
presently  based  on  empirical  techniques.  Evaluation  of  the  215 
design  is  presented  previously. 
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3,5  PITCH-LAG  INSTABILITY 


A  linear  two-degree  of  freedom  blade  flap  and  lag  analysis  was  used 
to  srudv  this  stability.  The  results  of  the  analysis  showed  stability 
for  normal  operating  conditions  with  approximately  2%  critical 
damping  in  the  blade  lag  mode  for  a  pitch-lag  coupling  value  of  1.0. 
This  analysis  involved  several  simplifying  assumptions  and  the 
results  need  verifying  with  more  sophisticated  methods  of  analysis 
soon  to  be  available.  The  matched-stiffness  root  flexure  of  the  215 
blade  design  is  expected  to  give  much  smaller  coupling  so  this  design 
is  beJ’oved  adequate. 

1,  VIBRATION  SUPPRESSION  CONSIDERATIONS 

The  need  for  tuning  of  the  aircraft  structure  to  achieve  a  vibration 
level  of  0.05g  in  the  occupies  ireas  has  been  considered.  The 
analysis  of  the  wing  dynamics  has  shown  the  strength  designed  wing 
to  act  as  a  vibration  isolator  for  3  per  rev  excitations.  It  there¬ 
fore  appears  that  no  weight  penalty  needs  to  be  taken  for  vibration 
tuning  on  the  215  aircraft. 

Analysis  of  vibration  considered  a  high  speed  transition  condition 
wl ich  is  believed  to  be  critical.  This  condition  causes  the  largest 
eugewise  flw  component  and  is  expected  from  helicopter  experience 
to  cause  the  largest  vibration.  As  shown  in  the  Phase  I  analysis 
the  empirical  vibration  prediction  would  indicate  a  vibration  level 
of  0.106g  for  this  condition.  In  uhe  present  study  a  rotor  l'-ads 
analysis  was  made  including  w  Inq  lift  interference  but  a  3/rev 
excitation  of  only  C.013g  at  the  rotor  hub  was  predicted.  Tnis 
result  is  lowes  f’-^n  expected  but  predicted  vibration  levels 
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characteristically  neglect  the  small  variations  between  blades,  etc, 
and  therefore  usually  show  low  vibration  predictions.  The  important 
result  of  this  analysis  is  the  isolation  of  the  excitation  from  the 
fuselage.  As  shown  in  Figure  VIII-24  the  acceleration  of  the  rotor 
and  nacelle  is  greater  than  the  rigid  response  o  the  excitation. 
Acceleration  at  the  wing  root  is  about  half  of  the  rigid  response 
indicating  that  even  if  the  excitation  is  as  large  as  the  empirical 
value,  the  design  will  meet  the  objective  without  special  tuning. 
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APPENDIX  1 


INTEGRAL  SPAR  INSPECTION  SYSTEM  (ISIS) 


An  inspection  system  has  been  developed  to  detect  cracks  in  rotor 
blade  spars  prior  to  catastrophic  failure.  The  system  was  developed 
primarily  for  the  CH-46  blade  spar;  however,  the  ISIS  may  be  util¬ 
ized  to  monitor  any  critically  stressed  structural  member.  The 
system  is  a  visual,  ground  inspectable  indicating  system  which  pro¬ 
vides  an  early  warning  of  impending  catastrophic  failure. 


The  system  consists  of  a  mylar-aluminum  laminate  liner  with  a  dac¬ 
ron  bleeder  cloth  which  contours  the  member  to  be  monitored  as  shown 
in  Figure  1.  The  periphery  of  the  liner/structural  member  inter¬ 
face  is  sealed  against  leakage. 


.0005  MYLAR 
.0005  ALUM.  FOIL 
.0005  MYLAR 
BLEEDER  CLOTH 
STRUCTURAL  MEMBER 


FIGURE  1 

DESCRIPTION  OF  ISIS 


A  vacuum  is  drawn  between  the  liner  and  the  structural  member  and 
monitored  by  a  pressure  indication  device  to  sense  a  change  in  the 
vacuum  level  caused  by  air  leaking  into  the  vacuum  chamber  through 
cracks  or  holes  in  the  structural  member. 
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Figure  2  represents  the  indicator  design  concept.  If  a  crack 
developed  in  the  structural  member  being  monitored,  ths  pressure 
between  the  liner  and  the  structural  member  and  in  the  pressure 
sensor  evacuating  chamber  around  the  bellows  increases  above  the 
reference  pressure  inside  the  bellows.  The  bellows  will  contract 
until  the  visual  indicator,  connected  to  the  bellows,  bottoms  on 
its  stop.  This  indicator  mechanism  is  held  in  position  by  the  stop 
after  a  crack  develops  in  the  structural  member  and  the  system 
loses  its  vacuum. 

The  ISIS  indicator  incorporates  a  push-to-test  feature.  Therefore, 
the  operation  of  the  system  can  be  checked  by  pushing  in  the  plunger 
attached  to  the  visual  indicator.  If  there  has  been  no  crack  in  the 
spar  and  the  system  is  operating,  the  plunger  will  be  forced  back, 
to  its  "safe"  position.  If  there  has  been  a  failure  in  the  system  the 
plunger  will  remain  depressed. 

Inasmuch  as  the  system  depends  on  differential  pressure  between 
the  liner/structural  member  cavity  and  the  atmosphere,  it  is  desirable 
to  evacuate  the  interface  to  the  lowest  practical  pressure  level. 

It  was  determined  that  1  psia  be  the  desired  level.  Although  the 
mylar/aluminum  liner  permeability  rate  would  result  in  a  leakage 
of  1.0  psi  per  year,  a  safety  margin  allows  for  permeability  losses 
up  to  a  delta  of  2  psi.  An  additional  pressure  increase  could  re¬ 
sult  due  to  solar  heating.  Taking  these  considerations  into  account, 
the  indicator  is  set  to  4.0  psia  for  the  start  of  an  unsafe  indication. 
This  pressure  is  called  the  reference  pressure  and  is  sealed  into  the 
bellows.  When  the  absolute  pressure  within  the  liner/structural 
member  cavity  reaches  4.0  psia,  the  indicator  begins  to  move.  The 
full  unsafe  position  will  be  reached  when  the  cavity  pressure  reaches 
5.5  psia.  The  setting  of  this  level  is  predicated  on  always  maintain¬ 
ing  a  positive  pressure  differential. 
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APPENDIX  2 


DESCRIPTION  OF  COMPUTER  PROGRAMS 


The  Boeing-Vertol  developed  computer  programs  used  in  the 
Phase  II  analyses  are  tabulated  in  this  section.  Table  B-l 
describes  the  whirl  flutter  and  Divergence  Computer  Programs, 
Table  B-2  the  Vibration  and  Classical  Flutter  Programs,  Table 
B-3  the  Blade  Loads  Programs  and  Table  B-4  the  Flying  Qualities 
Programs. 


TABLE 

B-l.  DESCRIPTION  OF  PROP  WHIRL  FLUTTER  AND  DIVERGENCE 

COMPUTER  PROGRAMS 

PROGRAM 

DESCRIPTION 

COMMENTS 

C-27 

Nine  degrees  of  freedom  treats 
hinge less  rotor  blade  as  2 
coupled  flap-lag  elastic  modes 
of  each  blade.  Wing -nacelle 

Increments  advance 
ratio,  nacelle  pitch, 
yaw,  and  wing  vertical 
bending  natural  fre- 

representation  in  pitch  and  yaw 
same  as  C-26.  Wing  bending  is 
equivalent  flapping  about  pivot 
point  which  is  coincident  with 
equivalent  yaw  pivot  point. 


is  quencies  to  determine 
stability  boundaries, 
lime  history  of  hub 
whirl  is  in  work. 


TABLE  B-II.  DESCRIPTION  OF  VIBRATION  AND  CLASSICAL  FLUTTER 

PROGRAMS 


D-46,  Solu¬ 
tion  For 
Eigenvalues 
and  Eigen¬ 
vectors 


The  complex  aircraft  structure  is 
considered  as  simple  structural 
elements  (beam,  axial,  and  skin) 
meeting  at  structural  nodes. 

The  a  stiffness  parameters  to¬ 
gether  with  the  mass  distri¬ 
bution  previde  the  program  in¬ 
put.  The  IBM  360  generates  a 
dynamic  matrix  from  the  stiff¬ 
ness  and  mass  properties  which 
is  solved  for  natural  fre¬ 
quencies  and  modes. 


The  solution  provides 
for  2750  structural 
elements,  connecting 
a  maximum  of  600 
structural  nodes.  The 
computer  performs  a 
double  precision 
natural  frequency  and 
mode  solution  for  139 
degrees  of  freedom. 
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TABLE  B-II.  (Continued) 


PROGRAM 


DESCRIPTION 


COMMENTS 


D-96,  Forced  The  damped  forced  response  oi 
Response  the  aircraft  structure  is  com¬ 

puted  utilizing  the  natural 
modes  computed  in  the  D-46 
program.  Excitation  loads  re¬ 
quired  for  the  response  are 
obtainable  experimentally 
(model  and/or  flight  testing) 
or  analytically  from  the  L-22 
program,  which  compute  rotor 
hub  shaking  forces  and  moment. 


The  solution  provides 
for  30  modes  each  hav¬ 
ing  139  degrees  of 
freedom  and  structural 
damping  variation  be¬ 
tween  modes. 


TABLE 

B-III . 

DESCRIPTION  OF  BLADE  LOADS  PROGRAMS 

TYPE 

PROGRAM 

DESCRIPTION 

COMMENTS 

Rotor 

Blade 

Analysis 

L-01 

Computes  the  natural  fre¬ 
quencies  and  mode  shapes 
for  the  uncoupled  flap 
bending,  chord  bending  and 
torsion-free  vibrations  of 
stationary  and  rotating  ' 
wing  s . 

Utilizes  the  lumped 
parameter  method  of 
analysis  employing 
finite  difference 
equations  to  relate 
the  dynamic  aeroelastic 
quantities  of  adjacent 
wing  stations,  whose 
maximum  number  if  fifty 

L-02 

Computes  the  uncoupled  flap 
bending,  chord  bending  and 
torsion-forced  response  of 
stationary  and  rotating  wings 
to  dynamics  and  aerodynamic 
excitations.  The  results 
include  the  steady  and  vib¬ 
ratory  flap  bending,  chord 
bending  and  torsional 
moments  and  rotor  hub 
forces  and  moments. 

Utilizes  the  lumped 
parameter  method  of 
analysis  employing 
finite  difference 
equations  to  relate  the 
dynamic  aeroelastic 
quantities  of  adjacent 
wing  stations,  whose 
maximum  number  is 
fifty  (50) . 

L-2 1 


Computes  the  coupled  flap 
and  chord  bendi-  ,  natural 
frequencies  and  mode  shapes 
of  a  highly  twisted  pro¬ 
peller  blade  for  both 
pinned  and  cantilevered 
root-end  boundary  con¬ 
ditions. 


Utilizes  the  lumped  par 
ameter  method  of 
analysis  employing 
finite  difference  equa¬ 
tions  to  relate  the 
dynamic  aeroelastic 
quantities  of  adjacent 
propeller  station, 
whole  maximum  number 
if  forty  (40)  . 


2 


TABLE  B-III. 


(Continued) 


TYPE  PROGRAM 

DESCRIPTION 

COMMENTS 

Rotor  D88 

Blade 

Analysis 

Computes  coupled  flap  bend¬ 
ing  and  torsion  and  un¬ 
coupled  chord  bendin  res¬ 
ponse  of  rotating  w  .gs  to 
dynamic  and  aerodynamic 
excitations.  The  results 
include  the  steady  and 
vibratory  blade  and  hubs 
loads. 

Utilizes  the  lumped 
parameter  method  of 
analysis  and  hyperbolic 
section  deflections. 

The  maximum  number  of 
stations  is  15.  The 
program  utilizes  non¬ 
linear,  compressible 
and  unsteady  aerodynamics. 

TABLE  B-IV. 

DESCRIPTION  OF  FLYING  QUALITIES  PROGRAMS 

PROGRAM 

DESCRIPTION 

COMMENTS 

Y-62,  Stability 
and  Control  Pre¬ 
diction  of  Stopable 
Rotor  Aircraft 

10  degrees  of  freedom,  com¬ 
putes  stability  deriva¬ 
tions  and  calculates  trim 
conditions  for  flight  modes 
from  helicopter  through 
transition  to  cruise  in 
airplane  mode. 

Analysis  includes  man¬ 
euvers  in  both  accelerate 
and  non-accelerated  flight 
conditions.  Methods 
developed  to  investigate 
all  control  coupling 
and  phasing  throughout 
all  flight  modes. 

SWISH-096, 

Rotor  Analos 
feedback  Control 
System 

Considers  rigid  body  air¬ 
craft  with  rotor  flapping 
effects,  feed-back  loops 
consider  hub  moments  and 
body  rates. 

Includes  integration  of 
rotors  in  solution. 
Gyro-coupling  and  thrust 
inclination  effects  are 
simulated. 
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